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SPECIFICATION 



LIQUID CRYSTAL DISPLAY DEVICE 



BACKGROUND OF THE INVENTION 

The present invention relates to a liquid crystal 
5 display device , and more particularly, it relates to a liquid 

crystal display device having a wide viewing anaXe- 

characteristic capable of producing a high quality display. 

Recently, a thin and light liquid crystal display 
^ device is used as a display device for a display of a 
2 10 personal computer and a display unit of portable information 
if§ terminal equipment. Conventional twist nematic (TN) or super 
^ twist nematic (STN) liquid crystal display devices have, 

s_ however, a disadvantage of a narrow viewing angle, and 

£ various techniques have been developed for overcoming this 
5? 15 disadvantage. 

La 

A typical technique to improve the viewing angle 
characteristic of a TN or STN liquid crystal display device 
is a method of additionally providing an optical compensator. 
Another technique is a lateral field method of applying, 

20 through a liquid crystal layer, an electric field in a 
direction horizontal to the substrate surface. Liquid 
crystal display devices of the lateral field method are 
recently mass-produced and regarded as promising devices. A 
still another technique is DAP (deformation of vertical 

25 aligned phase) in which a nematic liquid crystal material 
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with negative dielectric anisotropy is used as a liquid 
crystal material and a vertical alignment film is used as an 
alignment film. The DAP is a kind of an ECB (electrically 
controlled birefringence) method, and the transmittance is 
controlled by utilizing the birefringent property of the 
liquid crystal molecules. 

Although the lateral field method is one of effective 
methods for increasing the viewing angle, the production 
margin is very small in the production process as compared 
with that of a general TN liquid crystal display device, and 
hence, there is a difficulty in stable production of this 
type of liquid crystal display devices. This is because gap 
irregularity between substrates and shift of the transmission 
axis of a polarizing plate (polarization axis) from the 
orientation axis of a liquid crystal molecule largely affect 
the luminance and the contrast ratio of display. In order to 
stably produce the liquid crystal display devices of the 
lateral field method by highly precisely controlling these 
factors, the technique should be further highly developed. 

In order to produce an even display free from display 
unevenness by a liquid crystal display device of the DAP 
method, it is necessary to control orientation. For 
controlling the orientation, an alignment treatment is 
carried out by rubbing the surface of an alignment film. 
When the surface of a vertical alignment film is subjected to 



a rubbing treatment, however, rubbing streaks are easily 
caused in a displayed image. Therefore, this treatment is 
not suitable to mass-production. 

On the other hand, for controlling the orientation 
5 without the rubbing treatment, a method for controlling the 
orientation direction of liquid crystal molecules by an 
inclined electric field generated by forming a slit (opening) 
in an electrode has been proposed (as described in, for 
^ example, Japanese Laid-Open Patent Publication Nos . 6-301036 
uglO and 2000-47217). However, the present inventors have found 

y the following as a result of examination: The orientation 

•iJLj 

*p state of a region of a liquid crystal layer corresponding to 



the opening of the electrode is not specified in the methods 



disclosed in these publications, and the continuity of the 



Therefore, it is difficult to obtain a stable orientation 
state over an entire picture element, and hence, a displayed 
image becomes disadvantageously uneven. 



The present invention was devised to overcome the 
aforementioned disadvantages, and an object of the invention 



a 15 



orientation of the liquid crystal molecules 
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SUMMARY OF THE INVENTION 



is providing a liquid crystal display device having a wide 



viewing angle characteristic and high display quality. 
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The liquid crystal display device of this invention 




includes a first substrate; a second substrate; a liquid 
crystal layer disposed between the first substrate and the 
second substrate; and a plurality of picture element regions 
each defined by a first electrode provided on a face of the 
first substrate facing the liquid crystal layer and a second 
electrode provided on the second substrate so as to oppose 
the first electrode via the liquid crystal layer sandwiched 
therebetween, and the first electrode includes a plurality of 
openings and a solid portion in each of the plurality of 
picture element regions, the liquid crystal layer is in a 
vertical orientation state in each of the plurality of 
picture element regions when no voltage is applied between 
the first electrode and the second electrode, and when a 
voltage is applied between the first electrode and the second 
electrode, a plurality of liquid crystal domains each in a 
radially-inclined orientation state are formed in the 
plurality of openings and the solid portion by inclined 
electric fields generated at respective edge portions of the 
plurality of openings of the first electrode, for producing a 
display by changing orientation states of the plurality of 
liquid crystal domains in accordance with the applied voltage. 
Owing to this structure, the aforementioned object is 
achieved. 

Preferably, at least some of the plurality of openings 
have substantially the same shape and the same size, and form 



at least one unit lattice arranged so as to have rotational 
symmetry. 

Preferably, each of the at least some of the plurality 
of openings is in a rotationally symmetrical shape. 

Each of the at least some of the plurality of openings 
may be in a substantially circular shape. 

Each region of the solid portion surrounded with the at 
least some of the plurality of openings (a unit solid 
portion) may be in a substantially circular shape. 

Each region of the solid portion surrounded with the at 
least some of the plurality of openings (a unit solid 
portion) may be in a substantially rectangular shape with 
substantially arc-shaped corners. 

Preferably, in each of the plurality of picture element 
regions, a total area of the plurality of openings of the 
first electrode is smaller than an area of the solid portion 
of the first electrode. 

The liquid crystal display device may further include a 
protrusion within each of the plurality of openings, a cross- 
sectional shape of the protrusion taken along a plane 
direction of the substrate may be the same as a shape of the 
corresponding opening, and a side face of the protrusion may 
have an orientation-regulating force for orienting liquid 
crystal molecules of the liquid crystal layer in the same 
direction as an orientation-regulating direction obtained by 



the inclined electric field. 

Preferably, the plurality of liquid crystal domains are 
in a spirally radially-inclined orientation state. 

The liquid crystal display device may further include a 
pair of polarizing plates respectively provided outside of 
the first substrate and the second substrate and disposed 
with polarizing axes thereof crossing each other 
substantially perpendicularly, and in each of the plurality 
of liquid crystal domains, assuming that a liquid crystal 
molecule included in the liquid crystal layer and positioned 
in a 12 o'clock direction on a display surface in regard to a 
center of each of said plurality of liquid crystal domains is 
inclined against the 12 o'clock direction on the display 
surface by an angle Q , the polarization axis of one of the 
pair of polarizing plates is preferably inclined in the same 
direction as inclination of the liquid crystal molecule 
positioned in the 12 o'clock direction on the display surface 
by an angle exceeding 0 degree and smaller than 2 0 against 
the 12 o'clock direction on the display surface. 

More preferably, the polarization axis of one of the 
pair of polarizing plates is inclined by an angle exceeding 0 
degree and equal to 0 or less. Alternatively, the 
polarization axis of one of the pair of polarizing plates may 
be inclined by an angle substantially the same as 0 12 or the 
polarization axis of one of the pair of polarizing plates may 



be inclined by an angle substantially the same as 0 . 

The solid portion may include a plurality of island 
portions arranged in the form of an m x n matrix and a 
plurality of branch portions for electrically connecting 
adjacent pairs of the plurality of island portions, and the 
number of the plurality of branch portions may be smaller 
than (2mn - m - n) . 

The first substrate can further include an active 
element provided correspondingly to each of the plurality of 
picture element regions, and the first electrode may 
correspond to a picture element electrode provided in each of 
the plurality of picture element regions to be switched by 
the active element and the second electrode may correspond to 
at least one counter electrode opposing the plurality of 
picture element electrodes . 

The other liquid crystal display device of this 
invention includes a first substrate; a second substrate; a 
liquid crystal layer disposed between the first substrate and 
the second substrate; and a plurality of picture element 
regions each defined by a first electrode provided on a face 
of the first substrate facing the liquid crystal layer and a 
second electrode provided on the second substrate so as to 
oppose the first electrode via the liquid crystal layer 
sandwiched therebetween, and in each of the plurality of 
picture element regions, the liquid crystal layer is in a 



vertical orientation state when no voltage is applied between 
the first electrode and the second electrode, and the first 
electrode includes a plurality of openings disposed at least 
corners of each of the plurality of picture element regions 
and a solid portion. Owing to this structure, the 
aforementioned object is achieved. 

Preferably, a region of the solid portion surrounded 
with at least some of the plurality of openings is in a 
rotationally symmetrical shape. 

Alternatively, a region of the solid portion surrounded 
with at least some of the plurality of openings may be in a 
substantially circular shape. 

Alternatively, a region of the solid portion surrounded 
with at least some of the plurality of openings may be in a 
substantially rectangular shape with substantially arc-shaped 
corners . 

The solid portion may include a plurality of island 
portions arranged in the form of an m x n matrix and a 
plurality of branch portions for electrically connecting 
adjacent pairs of the plurality of island portions, and the 
number of the plurality of branch portions may be smaller 
than ( 2mn - m - n) . 

The functions of the present invention are as follows: 
In the present liquid crystal display device, one of a 
pair of electrodes for applying a voltage through a liquid 
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crystal layer in a picture element region includes a 
plurality of openings (where no conducting film is present in 
the electrode) and a solid portion (a portion other than the 
openings where a conducting film is present in the electrode), 
5 The solid portion is typically formed from a continuous 
conducting film. The liquid crystal layer is in a vertical 
orientation state when no voltage is applied, and when a 
voltage is applied, a plurality of liquid crystal domains 
„ each in a radially-inclined orientation state are formed by 
,glO inclined electric fields generated at the respective edge 

yj portions of the openings of the electrode. Typically, the 

Ly 

J5 liquid crystal layer is formed from a liquid crystal material 

^_ having negative dielectric anisotropy and is controlled in 

2? its orientation by vertical alignment films sandwiching the 

^15 liquid crystal layer. 

IsSz 

The liquid crystal domains formed by the inclined 
electric fields are formed in regions corresponding to the 
openings and the solid portion of the electrode, and a 
display is produced by changing the orientation states of 

20 these liquid crystal domains in accordance with the applied 
voltage. Since each of the liquid crystal domains is 
oriented axially symmetrically, the viewing angle dependency 
of display quality can be reduced so as to attain a wide 
viewing angle characteristic. 

25 Furthermore, since the liquid crystal domains formed 
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correspondingly to the openings and the liquid crystal 
domains formed correspondingly to the solid portion are 
formed owing to the inclined electric fields generated at the 
respective edge portions of the openings, these liquid 
crystal domains are formed adjacently and alternately and the 
orientations of liquid crystal molecules of the adjacent 
liquid crystal domains are substantially continuous. 
Accordingly, no disclination line is formed between a liquid 
crystal domain formed correspondingly to an opening and a 
liquid crystal domain formed correspondingly to a solid 
portion. Therefore, degradation in the display quality due 
to a disclination line can be avoided, and the orientation of 
the liquid crystal molecules is highly stable. 

In the present liquid crystal display device, the 
liquid crystal molecules are placed in the radially-inclined 
orientation state not only in a region corresponding to the 
solid portion of the electrode but also in regions 
corresponding to the openings. Therefore, as compared with 
the aforementioned conventional liquid crystal display device, 
the continuity in the orientations of the liquid crystal 
molecules is higher and the orientation state is more stable, 
so as to realize even display free from unevenness. In 
particular, it is necessary to allow the inclined electric 
field for controlling the orientation of the liquid crystal 
molecules to work on a large number of liquid crystal 
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molecules in order to realize a good response characteristic 
(namely, a high response speed), and for this purpose, it is 
necessary to form a large number of openings (edge portions). 
In the present liquid crystal display device, liquid crystal 
5 domains that can be placed in a stable radially-inclined 
orientation state can be formed correspondingly to the 
openings, and hence, even when a large number of openings are 
formed for improving the response characteristic, the 

^ degradation of display quality (occurrence of unevenness) can 

^10 be avoided. 

yj When at least some of the plural openings have 

jp substantially the same shape and the same size so as to form 
s at least one unit lattice rotationally symmetrically arranged, 

™ the plurality of liquid crystal domains can be highly 
J: 15 symmetrically arranged by using the unit lattice as a unit, 
^ resulting in improving the viewing angle dependency of the 
display quality. Furthermore, when the entire picture 
element region is divided into unit lattices, the orientation 
of the liquid crystal layer can be stabilized over the entire 
20 picture element region. For example, the openings are 
arranged so that the centers of the respective openings can 
form a square lattice. In the case where one picture element 
region is divided by opaque composing elements such as a 
storage capacitance line, a unit lattice is disposed in each 
25 region that makes contribution to the display. 
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When each of at least some of the plurality of openings 
(typically, the openings together forming a unit lattice) is 
in a rotationally symmetrical shape, the stability of the 
radially-inclined orientation of the liquid crystal domain 
5 formed correspondingly to the opening can be improved. For 
example, the shape (seen from the substrate normal direction) 
of each opening is a circle or a regular polygon (such as a 
square). The opening may be in a shape not rotationally 
^ symmetrical (such as an ellipse) depending upon the shape 
"IflO (the ratio between width and length) of a picture element. 
Furthermore, when a region of the solid portion substantially 

Ixl 

jg surrounded with the openings ("a unit solid portion" 
s described below) is in a rotationally symmetrical shape, the 

S3 stability of the radially-inclined orientation of the liquid 
^15 crystal domain formed correspondingly to the solid portion 
^ can be improved. For example, in the case where the openings 
are disposed in a square lattice arrangement, the opening may 
be in a substantially star-shape or cross-shape and the solid 
portion may be in a substantially circular or square shape. 
20 Needless to say, both the opening and the portion of the 
solid portion surrounded with the openings may be in a 
substantially square shape. 

In order to stabilize the radially-inclined orientation 
of the liquid crystal domain formed correspondingly to the 
25 opening of the electrode, the liquid crystal domain formed 
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correspondingly to the opening is preferably in a 
substantially circular shape. Conversely speaking, the shape 
of the opening is designed so as to form a substantially 
circular liquid crystal domain correspondingly to the opening. 

Needless to say, in order to stabilize the radially- 
inclined orientation of the liquid crystal domain formed 
correspondingly to the solid portion of the electrode, the 
region of the solid portion substantially surrounded with the 
openings is preferably in a substantially circular shape - 
One liquid crystal domain formed in the solid portion made 
from a continuous conducting film is formed correspondingly 
to the region of the solid portion substantially surrounded 
with the plural openings (unit solid portion). Accordingly, 
the shapes and the arrangement of the openings are determined 
so that the region of the solid portion (unit solid portion) 
can be in a substantially circular shape. 

In any of the aforementioned cases, the sum of the 
areas of the openings formed in the electrode is preferably 
smaller than the area of the solid portion in each of the 
picture element regions. As the area of the solid portion is 
larger, the area of the liquid crystal layer (defined on a 
plane seen from the substrate normal direction) directly 
affected by the electric fields generated by the electrodes 
is larger, and hence, the optical characteristic (such as 
transmittance) of the liquid crystal layer against voltage 
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can be improved. 

It is preferably determined whether the opening is 
formed in a substantially circular shape or the unit solid 
portion is formed in a substantially circular shape depending 
5 upon the area of the solid portion is larger in which 
structure. It is appropriately selected which structure is 
preferred depending upon the pitch of picture elements. 
Typically, in the case where the pitch exceeds approximately 
n 25 JUL m, the openings are preferably formed so as to form 
_;plO substantially circular unit solid portions, and in the case 
rj where the pitch is smaller than approximately 25 JUL m, the 
jp openings are preferably formed in substantially circular 
=^ shape. 

E 5 

2 When the region of the solid portion substantially 

:ifl5 surrounded with the openings is formed in a substantially 
rectangular shape with substantially arc-shaped corners, the 
radially- inclined orientation can be stabilized and the 
transmittance (effective aperture ratio) can be improved. 

The orientation-regulating force caused by the inclined 
20 electric field generated at the edge portion of the opening 
of the electrode works merely under voltage application. 
Therefore, when, for example, an external force is applied to 
the liquid crystal panel under application of no voltage or a 
comparatively low voltage, the radially-inclined orientation 
25 of the liquid crystal domain sometimes may not be kept. In 
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order to overcome this problem, in one preferred embodiment, 
the liquid crystal display device includes a protrusion 
formed within the opening of the electrode and having 
orientation-regulating force on the liquid crystal molecules 
5 of the liquid crystal layer in the same direction as the 
orientation-regulating direction of the inclined electric 
field. The cross-sectional shape of the protrusion taken on 
a plane direction of the substrate is the same as the opening, 
and is preferably in a rotationally symmetrical shape 

10 similarly to the shape of the opening. 

When the plurality of liquid crystal domains can be 
placed in a spiral radially-inclined orientation state, the 
orientation can be further stabilized, further even display 
free from unevenness can be realized and the response speed 

15 is increased. The spiral radially- inclined orientation state 
can be realized by using a nematic liquid crystal material 
having negative dielectric anisotropy including a chiral 
agent. It depends upon the kind of chiral agent whether the 
spiral direction is the clockwise direction or the 

20 counterclockwise direction. 

In the case where the liquid crystal display device 
having the aforementioned structure further includes a pair 
of polarizing plates provided on the outside of the first and 
second substrates to have their polarization axes crossing 

25 substantially perpendicularly, the display quality can be 
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further improved as follows: 

Specifically, when a liquid crystal molecule positioned 
in the 12 o'clock direction on the display surface in regard 
to the center of the liquid crystal domain is assumed to be 
5 inclined against the 12 o'clock direction on the display 
surface by an angle 0 , the polarizing plates are arranged so 
that the polarization axis of one of the polarizing plates is 
inclined in the same direction as the incline direction of 
^ the liquid crystal molecule against the 12 o'clock direction 
,f|10 on the display surface by an angle exceeding 0 degree and 

ru 

Lgl smaller than 2 9 . Thus, the light transmittance obtained 

S - 3 

=C when the liquid crystal domain is in the spiral radially- 
inclined orientation state can be improved, resulting in 
iff realizing bright display. In particular, when the polarizing 
Si 15 plates are arranged so that the polarization axis of one 
polarizing plate is inclined at an angle substantially the 
same as 0 , the light transmittance can be further increased, 
resulting in further bright display. Furthermore, when the 
polarizing plates are arranged so that the polarization axis 
20 of one polarizing plate is inclined by an angle exceeding 0 
degree and equal to 0 or less, not only bright display can 
be realized but also occurrence of a tailing phenomenon 
(including a white tailing phenomenon and a black tailing 
phenomenon) can be suppressed, resulting in realizing display 
25 with high quality. In particular, when the polarizing plates 
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are arranged so that the polarization axis of one polarizing 
plate is inclined at an angle substantially the same as 0/2, 
the occurrence of the white tailing phenomenon and the black 
tailing phenomenon can be substantially avoided, resulting in 
5 realizing display with further higher quality. 

The solid portion of the electrode is composed of, for 
example, a plurality of island portions and a plurality of 
branch portions each for electrically connecting an adjacent 
q pair of the plurality of island portions. Since each branch 

yS 10 portion present between the adjacent island portions degrades 

5 y 

UJ the orientation-regulating effect attained by the inclined 

: ; : 

=p electric field, the degradation of the orientation-regulating 
;L effect can be suppressed so as to improve the response 
22 characteristic as the width of each branch portion is smaller 
^15 and the number of branch portions is smaller. 

In the case where the plurality of island portions are 
arranged in the form of an m x n matrix, if the branch 
portions are provided between all the adjacent pairs of 
island portions, the number of branch portions is (2mn - m - 
20 n). When the number of plurality of branch portions is 
smaller than (2mn - m - n), the degradation of the 
orientation-regulating effect can be suppressed so as to 
improve the response characteristic. 

The liquid crystal display device of this invention is, 
25 for example, an active matrix liquid crystal display device 
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equipped with a switching element such as a TFT in each 
picture element region, and the electrode having the openings 
corresponds to a picture element electrode connected to the 
switching element and the other electrode corresponds to at 
least one counter electrode opposing a plurality of picture 
element electrodes. In this manner, merely by forming 
openings in one of the pair of electrodes opposing each other 
via the liquid crystal layer sandwiched therebetween, stable 
radially-inclined orientation can be realized. Specifically, 
the present liquid crystal display device can be fabricated 
by a known fabrication method merely by modifying a photomask 
used in patterning a conducting film into a pattern of 
picture element electrodes so as to form openings in a 
desired shape in desired arrangement. Needless to say, a 
plurality of openings may be formed in the counter electrode. 

In the other liquid crystal display device of this 
invention, one of the pair of electrodes for applying a 
voltage through the liquid crystal layer in a picture element 
region includes a plurality of openings disposed at least at 
corners of the picture element region and a solid portion. 
Therefore, when a voltage is applied between the pair of 
electrodes, inclined electric fields are generated at the 
edge portions of the openings of the electrode. Accordingly, 
owing to the inclined electric fields generated at the edge 
portions of the plurality of openings disposed at least at 
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the corners, the liquid crystal layer is formed into liquid 
crystal domains each in a radially-inclined orientation state 
under voltage application, resulting in attaining a wide 
viewing angle characteristic. 

A unit solid portion (a region of the solid portion 
substantially surrounded with the openings) present in a 
given picture element region may be a plurality of unit solid 
portions or a single unit solid portion surrounded with the 
openings disposed at the corners. In the case where a unit 
solid portion present in a given picture element region is a 
single unit solid portion, the openings surrounding the unit 
solid portion may be a plurality of openings disposed at the 
corners or a substantially single opening continuously formed 
from a plurality of openings disposed at the corners. 

When the region of the solid portion substantially 
surrounded with the openings (unit solid portion) is in a 
rotationally symmetrical shape, the stability of the 
radially-inclined orientation of the liquid crystal domain 
formed in the solid portion can be improved. For example, 
the unit solid portion may be in a substantially circular 
shape, a substantially square shape or a substantially 
rectangular shape. 

When the unit solid portion is in a substantially 
circular shape, the radially-inclined orientation of the 
liquid crystal domain formed in the solid portion of the 
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electrode can be stabilized. Since a liquid crystal domain 
formed in the solid portion made from a continuous conducting 
film is formed correspondingly to the unit solid portion, the 
shape and the arrangement of the openings are determined so 
that the unit solid portion can be formed in a substantially 
circular shape. 

Furthermore, when the unit solid portion is in a 
substantially rectangular shape with substantially arc-shaped 
corners, the radially-inclined orientation can be stabilized 
and the transmittance (effective aperture ratio) can be 
improved . 

The solid portion of the electrode is composed of, for 
example, a plurality of island portions and a plurality of 
branch portions each for electrically connecting an adjacent 
pair of the plurality of island portions. Since each branch 
portion present between the adjacent island portions degrades 
the orientation-regulating effect attained by the inclined 
electric field, the degradation of the orientation-regulating 
effect can be suppressed so as to improve the response 
characteristic as the width of each branch portion is smaller 
and the number of branch portions is smaller. 

In the case where the plurality of island portions are 
arranged in the form of an m x n matrix, if the branch 
portions are provided between all the adjacent pairs of 
island portions, the number of branch portions is (2mn - m - 
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n). When the number of plurality of branch portions is 
smaller than ( 2mn - m - n), the degradation of the 
orientation-regulating effect can be suppressed so as to 
improve the response characteristic. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG, 1A is a top view for schematically showing the 
structure of one picture element region of a liquid crystal 
n display device 100 according to Embodiment 1 of the invention , 

s£i 10 and FIG. IB is a cross-sectional view thereof taken along 
Id line IB-IB' of FIG- 1A; 

4^ FIGS. 2A and 2B are diagrams for showing states where a 

L. voltage is applied through a liquid crystal layer 30 of the 

ffl 

n liquid crystal display device 100 , and specifically FIG. 2A 

q 15 schematically shows a state where orientation starts to 
change (ON initial state) and FIG. 2B schematically shows a 
stationary state; 

FIGS. 3A, 3B, 3C and 3D are diagrams for schematically 
showing the relationship between a line of electric force and 
20 orientation of liquid crystal molecules; 

FIGS. 4A, 4B and 4C are diagrams for schematically 
showing orientation states of liquid crystal molecules seen 
from a substrate normal direction in the liquid crystal 
display device 100 of Embodiment 1; 
25 FIGS. 5A, 5B and 5C are diagrams for schematically 

21 



showing examples of radially-inclined orientation of liquid 
crystal molecules; 

FIGS, 6A and 6B are top views for schematically showing 
other picture element electrodes usable in the liquid crystal 
display device of Embodiment 1; 

FIGS. 7A and 7B are top views for schematically showing 
still other picture element electrodes usable in the liquid 
crystal display device of Embodiment 1; 

FIGS, 8A and 8B are top views for schematically showing 
still other picture element electrodes usable in the liquid 
crystal display device of Embodiment 1 ; 

FIG. 9 is a top view for schematically showing still 
another picture element electrode usable in the liquid 
crystal display device of Embodiment 1; 

FIGS. 10A and 10B are top views for schematically 
showing still other picture element electrodes usable in the 
liquid crystal display device of Embodiment 1; 

FIG. 11A is a diagram for schematically showing a unit 
lattice of a pattern shown in FIG. 1A, FIG. 11B is a diagram 
for schematically showing a unit lattice of a pattern shown 
in FIG. 9, and FIG. lie is a graph for showing the 
relationship between a pitch p and an area ratio of a solid 
portion; 

FIG. 12A is a diagram for schematically showing a unit 
lattice of a picture element electrode having a unit solid 
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portion formed in a substantially circular shape, FIGS. 12B 
and 12C are diagrams for schematically showing unit lattices 
of picture element electrodes having unit solid portions 
formed in a substantially square shape with substantially 
arc-shaped corners, and FIG. 12D is a diagram for 
schematically showing a unit lattice of a picture element 
electrode having a unit solid portion formed in a 
substantially square shape; 

FIG. 13A is a top view for schematically showing the 
structure of one picture element region of a liquid crystal 
display device 200 according to Embodiment 2 of the invention, 
and FIG. 13B is a cross-sectional view thereof taken along 
line 13B-13B' of FIG. 13A; 

FIGS. 14A, 14B, 14C and 14D are schematic diagrams for 
explaining the relationship between orientation of a liquid 
crystal molecule 30a and the shape of a surface with a 
vertical alignment property; 

FIGS. 15A and 15B are diagrams for showing states where 
a voltage is applied through a liquid crystal layer 30 of the 
liquid crystal display device 200, and specifically FIG. 15A 
schematically shows a state where orientation starts to 
change (ON initial state) and FIG. 15B schematically shows a 
stationary state; 

FIGS. 16A, 16B and 16C are respectively schematic 
cross-sectional views of liquid crystal display devices 200A, 
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200B and _200C of Embodiment 2 that are different in the 
arrangement of an opening and a protrusion; 

FIG. 17 is a cross-sectional view for schematically 
showing the cross-sectional structure of the liquid crystal 
display device 200 taken along line 17A-17A' of FIG. 13A; 

FIGS. 18A and 18B are diagrams for schematically 
showing the structure of one picture element region of a 
liquid crystal display device 200D according to Embodiment 2, 
and specifically FIG. 18A is a top view thereof and FIG. 18B 
is a cross-sectional view thereof taken along line 18B-18B' 
of FIG. 18A; 

FIG. 19A is a diagram for schematically showing an 
orientation state of liquid crystal molecules obtained 
immediately after voltage application, and FIGS. 19B and 19C 
are top views for schematically showing orientation sates of 
liquid crystal molecules in orientation stable time 
(stationary state); 

FIG. 20 is a graph in which the ordinate indicates the 
transmittance in a white display state of a liquid crystal 
display device according to an embodiment of the invention 
and the abscissa indicates the angle of a polarization axis 
against the 12 o'clock direction; 

FIG. 21A is a diagram for schematically showing 
arrangement of a polarizing plate and FIG. 21B is a diagram 
for schematically showing shade regions SR in a liquid 
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crystal domain obtained when the polarizing plate is arranged 
as shown in FIG. 21A; 

FIG. 22A is a diagram for schematically showing another 
arrangement of a polarizing plate and FIG. 22B is a diagram 
for schematically showing shade regions SR in a liquid 
crystal domain obtained when the polarizing plate is arranged 
as shown in FIG. 22A; 

FIG. 23 is a diagram for schematically showing a white 
tailing phenomenon; 

FIG. 24 is a diagram for schematically showing the 
state where the tailing phenomenon is prevented in a liquid 
crystal display device of the invention; 

FIG. 25A is a diagram for schematically showing 
arrangement of a polarizing plate, FIG. 25B is a diagram for 
schematically showing shade regions SR obtained immediately 
after voltage application when the polarizing plate is 
arranged as shown in FIG. 25A, and FIG. 25C is a diagram for 
schematically showing shade regions SR obtained in the 
orientation stable time (stationary state) when the 
polarizing plate is arranged as shown in FIG. 25A; 

FIG. 26A is a diagram for schematically showing 
arrangement of a polarizing plate, FIG. 26B is a diagram for 
schematically showing shade regions SR obtained immediately 
after voltage application when the polarizing plate is 
arranged as shown in FIG. 26A, and FIG. 26C is a diagram for 
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schematically showing shadje regions SR obtained in the 
orientation stable time (stationary state) when the 
polarizing plate is arranged as shown in FIG. 26A; 

FIG. 27 is a graph for showing change with time of the 
transmittance in accordance with change of a picture element 
region from a black display state to a intermediate gray 
scale display state obtained when the angle of the 
polarization axis against the 12 o'clock direction is 0 
degree, approximately 13 degrees or approximately 20 degrees; 

FIG. 28 is a diagram for schematically showing a black 
tailing phenomenon; 

FIG. 29 is a top view for schematically showing a 
picture element electrode used in a liquid crystal display 
device according to an embodiment of the invention; 

FIG. 30 is a top view for schematically showing an 
orientation state of liquid crystal molecules under voltage 
application; 

FIG. 31 is a cross-sectional view taken along line 31A- 
31A' or 31B-31B' of FIG. 30 for schematically showing the 
orientation state of the liquid crystal molecules under 
voltage application; 

FIG. 32 is a top view for schematically showing an 
orientation state of liquid crystal molecules under voltage 
application; 

FIG. 33 is a cross-sectional view taken along line 33A- 
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33A' or 33B-33B' of FIG. 32 for schematically showing the 
orientation state of the liquid crystal molecules under 
voltage application; 

FIG. 34 is a top view for schematically showing an 
orientation state of liquid crystal molecules under voltage 
application; 

FIGS. 35A and 35B are cross-sectional views 
respectively taken along lines 35A-35A' and 35B-35B' of FIG. 
34 for schematically showing the orientation state of the 
liquid crystal molecules under voltage application; 

FIG. 36 is a top view for schematically showing an 
orientation state of liquid crystal molecules under voltage 
application; 

FIG. 37A and 37B are cross-sectional views respectively 
taken along lines 35A-35A' and 35B-35B' of FIG. 34 for 
schematically showing the orientation state of the liquid 
crystal molecules under voltage application; 

FIG. 38 is a top view for schematically showing an 
orientation state of liquid crystal molecules under voltage 
application; 

FIGS. 39A and 39B are top views for schematically 
showing orientation states of liquid crystal molecules under 
voltage application respectively obtained when a branch 
portion of a picture element electrode has a comparatively 
small width and when the branch portion of the picture 
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element electrode has a comparatively large width; 

FIG. 40 is a graph for schematically showing change 
with time of transmittance under application of voltage 
through a liquid crystal layer obtained when the branch 
portion has a comparatively small width and when the branch 
portion has a comparatively large width; 

FIGS. 41A and 41B are top views for schematically 
showing liquid crystal molecules oriented in a direction 
parallel to a polarization axis in a second stable state 
respectively obtained when a branch portion 14d has a 
comparatively small width and when the branch portion 14d has 
a comparatively large width; 

FIG. 42 is a top view for schematically showing a 
picture element electrode usable in a liquid crystal display 
device according to an embodiment of the invention; 

FIG. 43 is a top view for schematically showing another 
picture element electrode usable in the liquid crystal 
display device according to the embodiment of the invention; 

FIG. 44 is a top view for schematically showing still 
another picture element electrode usable in the liquid 
crystal display device according to the embodiment of the 
invention; 

FIG. 45 is a top view for schematically showing still 
another picture element electrode usable in the liquid 
crystal display device according to the embodiment of the 
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invention; and 

FIG. 46 is a top view for schematically showing still 
another picture element electrode usable in the liquid 
crystal display device according to the embodiment of the 
5 invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Preferred embodiments of the invention will now be 
3 described with reference to the accompanying drawings . 

0 10 EMBODIMENT 1 

U 

U First, the electrode structure of a liquid crystal 

z display device of this invention and the function thereof 

* will be described. The liquid crystal display device of this 

i 

1 invention is suitably used in an active matrix liquid crystal 
Q 15 display device owing to its excellent display characteristic. 

Active matrix liquid crystal display devices using thin film 
transistors (TFTs) will be exemplified in the following 
preferred embodiments, which does not limit the invention. 
The invention is also applicable to an active matrix liquid 
20 crystal display device using MIMs and a passive matrix liquid 
crystal display device. Also, in the following embodiments, 
transmission type liquid crystal display devices are 
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^exemplified, which does not limit the invention. The 
invention is also applicable to a reflection type liquid 
25 crystal display device and a transmission/reflection type 



liquid crystal display device described later. 

Herein, a region of a liquid crystal display device 
corresponding to a "picture element" , that is, a minimum unit 
of display, is designated as a "picture element region". In 
a color liquid crystal display device, three picture elements 
of R, G and B together correspond to one pixel. In an active 
matrix liquid crystal display device, one picture element 
region is defined by a picture element electrode and a 
counter electrode opposing the picture element electrode. 
Alternatively, in a passive matrix liquid crystal display 
device, each intersection region between column electrodes in 
a stripe shape and row electrodes provided perpendicularly to 
the column electrodes is defined as a picture element region. 
In a structure employing a black matrix, strictly speaking, a 
region corresponding to an opening of the black matrix in the 
entire region to which a voltage is applied in accordance 
with a state to be displayed corresponds to a picture element 
region. 

Now, the structure of one picture element region of a 
liquid crystal display device 100 according to Embodiment 1 
of the invention will be described with reference to FIGS . 1A 
and IB. In the following description, a color filter and a 
black matrix are omitted for simplification. Also, in the 
drawings referred to in the following embodiments, like 
reference numerals are used to refer to like elements having 
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„ . substantially the same functions as those of the liquid 
crystal display device 100, so as to omit the description. 
FIG. 1A is a top view seen from the substrate normal 
direction and FIG. IB is a cross-sectional view taken along 
5 line IB-IB' of FIG. 1A. In FIG. IB, no voltage is applied 
through a liquid crystal layer. 

The liquid crystal display device 100 includes an 
active matrix substrate (hereinafter referred to as the TFT 
p substrate) 100a, a counter substrate (also designated as the 

J3 10 color filter substrate) 100b and a liquid crystal layer 30 
^ disposed between the TFT substrate 100a and the counter 

liJ 

% substrate 100b. Liquid crystal molecules 30a of the liquid 

5~ crystal layer 30 have negative dielectric anisotropy, and 

q owing to vertical alignment films serving as vertical 

g 15 alignment layers (not shown) provided on the surfaces of the 
TFT substrate 100a and the counter substrate 100b facing the 
liquid crystal layer 30, the liquid crystal molecules 30a are 
oriented vertically to the surface of the vertical alignment 
films as shown in FIG. IB when no voltage is applied through 
20 the liquid crystal layer 30. Such a state of the liquid 
crystal layer 30 is designated as a vertical orientation 
state. However, depending upon the kinds of the vertical 
alignment film and the liquid crystal material, the liquid 
crystal molecules 30a of the liquid crystal layer 30 in the 
25 vertical orientation state may be slightly inclined against 
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the normal line of the surface of the vertical alignment film 
(substrate surface). In general, a state where a liquid 
crystal molecule is* oriented with the liquid crystal 
molecular axis (also designated as the axial direction) 
inclined at an angle of approximately 85 degrees or more 
against the surface of a vertical alignment film is 
designated as the vertical orientation state. 

The TFT substrate 100a of the liquid crystal display 
device 100 includes a transparent substrate (such as a glass 
substrate) 11 and a picture element electrode 14 formed 
thereon. The counter substrate 100b includes a transparent 
substrate (such as a glass substrate) 21 and a counter 
electrode 22 formed thereon. In accordance with a voltage 
applied to each pair of picture element electrode 14 and 
counter electrode 22 opposing each other via the liquid 
crystal layer 30 sandwiched therebetween , the orientation 
state of the liquid crystal layer 30 in each picture element 
region is changed. A display is produced by utilizing a 
phenomenon that the polarizing state and the quantity of 
light transmitting the liquid crystal layer 30 are changed in 
accordance with the change of the orientation state of the 
liquid crystal layer 30. 

The picture element electrode 14 of the liquid crystal 
display device 100 has a plurality of openings 14a and a 
solid portion 14b. The opening 14a corresponds, in the 
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picture element electrode 14 formed from a conducting film 
(such as an ITO f ilm) , to a portion where the conducting film 
is removed, and the solid portion 14b corresponds to a 
portion where the conducting film remains (a portion other 
5 than the openings 14a). A plurality of openings 14a are 
formed in each picture element electrode, and the solid 
portion 14b is basically formed from a single continuous 
conducting film. 

The plural openings 14a are arranged so that their 
yg 10 centers form a square lattice, and a region of the solid 
fU portion (hereinafter referred to as the unit solid portion) 

S - 3 

4f 14b' substantially surrounded with four openings 14a whose 

7* centers are positioned on four lattice points forming one 

ff ; unit lattice is in a substantially circular shape. Each 

ogl5 opening 14a is in a substantially star-shape with four 

D 

M= quarter arc-shaped edges having a four-fold rotation axis at 
its center. The unit lattices are preferably formed up to 
the edges of the picture element electrode 14 in order to 
stabilize the orientation over the entire picture element 

20 region. Accordingly, as shown in the drawing, the edge of 
the picture element electrode is preferably patterned into a 
shape corresponding to approximately a half of the opening 
14a (at the side edge of the picture element electrode) or 
approximately a quarter of the opening 14a (at the corner 

25 edge of the picture element electrode) . 





The openings 14a positioned in the center part of the 
picture element region have substantially the same shape and 
the same size. The unit solid portions 14b' positioned in 
the unit lattices formed by the openings 14a are in a 
5 substantially circular shape and have substantially the same 
shape and the same size. The unit solid portions 14b' 
adjacent to each other are connected to each other, so as to 
work as the solid portion 14b functioning as a substantially 
single conducting film. 
^3 10 When a voltage is applied between the picture element 

\f t electrode 14 having the aforementioned structure and the 
^ counter electrode 22, a plurality of liquid crystal domains 
s " each having radially-inclined orientation are formed due to 

fas* 

S3 inclined electric fields generated at the edge portions of 
E0l5 the openings 14a. The liquid crystal domains are formed in 
" each region corresponding to each opening 14a and each region 

corresponding to each unit solid portion 14b' within the unit 

lattice. 

In this embodiment, the picture element electrode 14 in 
20 a square shape is exemplified, but the shape of the picture 
element electrode 14 is not limited to the square. The 
general shape of the picture element electrode 14 is 
approximate to a rectangle (including a square), and hence, 
the openings 14a can be regularly disposed in square lattice 
25 arrangement. The effect of the invention can be attained 




even when the picture element electrode 14 is in a shape 
other than the rectangular shape as far as the openings 14a 
are disposed regularly (for example, in the square lattice 
arrangement as described above) so as to form the liquid 
5 crystal domains over the entire picture element region. 

The mechanism of formation of the liquid crystal 
domains by the inclined electric fields will now be described 
with reference to FIGS. 2A and 2B. FIGS. 2A and 2B show the 
states attained by applying a voltage through the liquid 
^10 crystal layer 30 of FIG. IB, and specifically, FIG. 2A 
1^ schematically shows the state where the orientation of the 
4= liquid crystal molecules 30a starts to change in accordance 
s with the voltage applied through the liquid crystal layer 30 

J i | 

CO (ON initial state) and FIG. 2B schematically shows the state 
0315 where the orientation of the liquid crystal molecules 30a 
" changed in accordance with the applied voltage attains the 
stationary state. In FIGS. 2A and 2B, a line EQ denotes an 
equipotential line. 

When the picture element electrode 14 and the counter 
20 electrode 22 have the same potential (which corresponds to 
the state where no voltage is applied through the liquid 
crystal layer 30) , the liquid crystal molecules 30a within 
the picture element region are oriented vertically to the 
surfaces of the substrates 11 and 21 as shown in FIG. IB. 
25 When a voltage is applied, potential gradient expressed 
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by the equipotential line EQ (perpendicularly crossing a line 
of electric force) of FIG. 2A is formed. The equipotential 
line EQ is parallel to the surfaces of the solid portion 14b 
and the counter electrode 22 within a region of the liquid 
5 crystal layer 30 positioned between the solid portion 14b of 
the picture element electrode 14 and the counter electrode 22, 
and drops in a region corresponding to the opening 14a of the 
picture element electrode 14. Therefore, the inclined 
electric field expressed by an inclined portion of the 
^10 equipotential line EQ is formed in a region of the liquid 
iff crystal layer 30 on the edge portion EG of the opening 14a 
£ (that is, the inside periphery of the opening 14a including 

s the boundary thereof). 

Q 

83 To the liquid crystal molecules 30a having the negative 

^15 dielectric anisotropy, torque for orienting the axial 
*~ direction of the liquid crystal molecules 30a parallel to the 
equipotential line EQ (vertical to the line of electric 
force) is applied. Accordingly/ the liquid crystal molecules 
30a disposed on the edge portions EG are inclined (rotated) 
20 in the clockwise direction at the edge portion EG on the 
right hand side in the drawing and in the counterclockwise 
direction at the edge portion EG on the left hand side in the 
drawing as shown with arrows in FIG. 2A, so as to orient 
parallel to the equipotential line EQ. 
25 Now, the change of the orientation of the liquid 
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crystal molecules 30a will be described in detail with 
reference to FIGS. 3A, 3B, 3C and 3D, 

When the electric field is generated in the liquid 
crystal layer 30, torque for orienting the axial direction of 
the liquid crystal molecule 30a parallel to the equipotential 
line EQ is applied to the liquid crystal molecule 30a having 
the negative dielectric anisotropy. As shown in FIG. 3A, 
when an electric field expressed by an equipotential line EQ 
vertical to the axial direction of a liquid crystal molecule 
30a is generated, torque is applied to the liquid crystal 
molecule 30a for inclining it in the clockwise direction or 
in the counterclockwise direction in the same probability. 
Accordingly, in a region of the liquid crystal layer 30 
disposed between the parallel plate electrodes opposing each 
other, the torque is applied in the clockwise direction to 
some liquid crystal molecules 30a and in the counterclockwise 
direction to other liquid crystal molecules 30a. As a result, 
the orientation sometimes may not be smoothly changed in 
accordance with a voltage applied through the liquid crystal 
layer 30. 

When the electric field inclined against the axial 
direction of the liquid crystal molecules 30a as expressed by 
the equipotential line EQ (inclined electric field) is 
generated at the edge portion EG of the opening 14a of the 
present liquid crystal display device 100 as shown in FIG. 2A, 
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a liquid crystal molecule 30a is inclined, as shown in FIG. 
3B, in a direction for orienting parallel to the 
equipotential line EQ with smaller inclination (in the 
counterclockwise direction in the drawing). Furthermore, a 
liquid crystal molecule 30a positioned in a region where an 
electric field expressed by an equipotential line EQ vertical 
to the axial direction is generated is inclined, as shown in 
FIG. 3C, in the same direction as another liquid crystal 
molecule 30a positioned on the inclined portion of the 
equipotential line EQ so as to make continuous (match) their 
orientations. When an electric field expressed by an 
equipotential . line EQ with continuous irregularities as shown 
in FIG. 3D is applied, liquid crystal molecules 30a 
positioned on a flat portion of the equipotential line EQ are 
oriented in a direction matching with the orientation 
direction of other liquid crystal molecules 30a positioned on 
inclined portions of the equipotential line EQ. Herein, "to 
be positioned on an equipotential line EQ" means "to be 
positioned within an electric field expressed by an 
equipotential line EQ" . 

When the change of the orientation starting from the 
liquid crystal molecules 30a positioned on the inclined 
portion of the equipotential line EQ is proceeded as 
described above and the stationary state is attained, the 
orientation state as schematically shown in FIG. 2B is 
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obtained* The liquid crystal molecules 30a positioned in the 
vicinity of the center of the opening 14a are substantially 
equally affected by the orientations of the liquid crystal 
molecules 30a positioned at the opposing edge portions EG of 
5 the opening 14a, and hence, they keep the orientation state 
vertical to the equipotential line EQ. The liquid crystal 
molecules 30a positioned in a region away from the center of 
the opening 14a are inclined owing to the influence of the 
^ orientation of the liquid crystal molecules 30a positioned at 
%10 the closer edge portion EG, so as to form inclined 
orientation symmetrically about the center SA of the opening 
jc 14a. When this orientation state is seen from the vertical 

s_ direction to the display surface of the liquid crystal 

G3 

2 display device 100 (in the vertical direction to the surfaces 
y^l5 of the substrates 11 and 21), the axial directions of the 
liquid crystal molecules 30a are oriented radially about the 
center of the opening 14a (not shown). This orientation 
state is herein designated as "radially-inclined orientation". 
Also, a region of the liquid crystal layer in which the 
20 radially-inclined orientation is obtained about one center is 
herein designated as a liquid crystal domain. 

Also in a region corresponding to the unit solid 
portion 14b' substantially surrounded with the openings 14a, 
a liquid crystal domain where the liquid crystal molecules 
25 30a are in the radially-inclined orientation state is formed. 
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The liquid crystal molecules 30a positioned in the region 
corresponding to the unit solid portion 14b' are affected by 
the orientations of the liquid crystal molecules 30a 
positioned at the edge portions EG of the openings 14a, so as 
to form the radially-inclined orientation symmetrical about 
the center SA of the unit solid portion 14b' (corresponding 
to the center of the unit lattice formed by the openings 14a)* 
The radially-inclined orientation obtained in a liquid 
crystal domain formed in the unit solid portion 14b' and the 
radially-inclined orientation obtained in the opening 14a are 
continuous, and the liquid crystal molecules 30a positioned 
in these regions are oriented so as to match with the 
orientation of the liquid crystal molecules 30a positioned at 
the edge portions EG of the opening 14a. The liquid crystal 
molecules 30a in the liquid crystal domain formed in the 
opening 14a are oriented in the shape of a cone opening 
upward (toward the substrate 100b), and the liquid crystal 
molecules 30a in the liquid crystal domain formed in the unit 
solid portion 14b' are oriented in the shape of a cone 
opening downward (toward the substrate 100a). In this manner, 
the radially-inclined orientation obtained in the liquid 
crystal domain formed in the opening 14a and the radially- 
inclined orientation obtained in the liquid crystal domain 
formed in the unit solid portion 14b' are mutually continuous. 
Therefore, a disclination line (orientation defect) is never 
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formed on ,the boundary thereof, resulting in preventing the 
display quality from lowering due to the occurrence of a 
disclination line. 

In order to improve the viewing angle dependency of the 
display quality of a liquid crystal display device in all the 
azimuths, the existing probabilities of liquid crystal 
molecules oriented in the respective azimuth directions in 
each picture element region are preferably rotationally 
symmetrical and are more preferably axially symmetrical. In 
other words, all the liquid crystal domains formed in the 
entire picture element region are preferably rotationally 
symmetrically arranged and more preferably axially 
symmetrically arranged. However, it is not necessary to 
attain the rotation symmetry in the entire picture element 
region but the liquid crystal layer of the picture element 
region is formed as a collection of liquid crystal domains 
rotationally symmetrically (or axially symmetrically) 
arranged (for example, a plurality of liquid crystal domains 
disposed in the square lattice arrangement). Accordingly, 
all the plurality of openings 14a formed in the picture 
element region should not be necessarily rotationally 
symmetrically arranged in the entire picture element region 
as far as they are expressed as a collection of openings 
rotationally symmetrically (or axially symmetrically) 
arranged (for example, a plurality of openings disposed in 

41 



the square lattice arrangement). Needless to say, the unit 
solid portions 14b' each surrounded with the plural openings 
14a are similarly arranged. Furthermore, since the shape of 
each liquid crystal domain is also preferably rotationally 
5 symmetrical and more preferably axially symmetrical, the 
shape of each of the openings 14a and the unit solid portions 
14b' is preferably rotationally symmetrical and more 
preferably axially symmetrical. 

In some cases, a sufficient voltage cannot be applied 

10 through a portion of the liquid crystal layer 30 in the 
vicinity of the center of the opening 14a, so that the 
portion of the liquid crystal layer 30 in the vicinity of the 
center of the opening 14a cannot make contribution to display. 
In other words, even when the radially-inclined orientation 

15 in the portion of the liquid crystal layer 30 in the vicinity 
of the opening 14a is slightly disturbed (for example, when 
the center axis is slightly shifted from the center of the 
opening 14a), the display quality may not be lowered. 
Accordingly, at least the liquid crystal domains formed 

20 correspondingly to the unit solid portions 14b' should be 
rotationally symmetrically or axially symmetrically arranged. 

As described with reference to FIGS. 2A and 2B, the 
picture element electrode 14 of the liquid crystal display 
device 100 of this invention has a plurality of openings 14a, 

25 and the electric fields expressed by the equipotential line 
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EQ having the inclined portions are formed in the liquid 
crystal layer 30 within the picture element region. The 
liquid crystal molecules 30a disposed in the liquid crystal 
layer 30 and having the negative dielectric anisotropy, which 
are in the vertical orientation state when no voltage is 
applied, are changed in their orientation directions by being 
triggered by the orientation change of the liquid crystal 
molecules 30a positioned on the inclined portions of the 
equipotential line EQ, so as to form the liquid crystal 
domains having the stable radially-inclined orientation in 
the openings 14a and the solid portion 14b. The display is 
produced by changing the orientations of the liquid crystal 
molecules within the liquid crystal domains in accordance 
with the voltage applied through the liquid crystal layer. 

The shape (seen from the substrate normal direction) 
and the arrangement of the openings 14a of the picture 
element electrode 14 of the liquid crystal display device 100 
of this embodiment will now be described. 

The display characteristic of a liquid crystal display 
device exhibits azimuth angle dependency derived from the 
orientation state (optical anisotropy) of liquid crystal 
molecules. In order to reduce the azimuth angle dependency 
of the display characteristic, the liquid crystal molecules 
are preferably oriented in the respective azimuth angles in 
equivalent probabilities. Furthermore, the liquid crystal 
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molecules within each picture element region are preferably 
oriented in the respective azimuth angles in equivalent 
probabilities. Accordingly, the opening 14a preferably has 
such a shape that the liquid crystal domains can be formed so 
as to orient the liquid crystal molecules 30a in each picture 
element region in the respective azimuth angles in equivalent 
probabilities. Specif ically, the shape of the opening 14a is 
preferably rotationally symmetrical (preferably with a 
rotation axis of two or more folds) having its center (along 
the normal line) as a symmetry axis, and the plural openings 
14a are preferably arranged so as to be rotationally 
symmetrical. Also, the shape of the unit solid portion 14b' 
substantially surrounded with the openings is preferably 
rotationally symmetrical, and the unit solid portions 14b' 
are preferably arranged so as to be rotationally symmetrical. 

However, it is not necessary to arrange the openings 
14a and the unit solid portions 14b' so as to be rotationally 
symmetrical all over the picture element region, but when, 
for example, a square lattice (symmetrical with a four-fold 
rotation axis) is used as a minimum unit so as to form a 
picture element region from the combination of the square 
lattices as is shown in FIG. 1A, the liquid crystal molecules 
can be oriented in all the azimuth angles in substantially 
equivalent probabilities in the entire picture element region. 

The orientation state of the liquid crystal molecules 
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30a obtained when the rotationally symmetrical star-shaped 
openings 14a and the substantially circular unit solid 
portions 14b are disposed in the square lattice arrangement 
as shown in FIG. 1A will now be described with reference to 
FIGS. 4A, 4B and 4C. 

FIGS. 4A, 4B and 4C schematically show the orientation 
states of the liquid crystal molecules 30a seen from the 
substrate normal direction. In a drawing for showing the 
orientation state of the liquid crystal molecules 30a seen 
from the substrate normal direction like FIGS. 4B and 4C, a 
black end of each liquid crystal molecule 30a drawn in the 
shape of an ellipse means that the liquid crystal molecule 
30a is inclined so that the black end be closer to the 
substrate where the picture element electrode 14 having the 
openings 14a is formed than the other end. This also applies 
to other drawings mentioned below. Herein, one unit lattice 
(formed by the four openings 14a) within the picture element 
region shown in FIG. 1A will be described. The cross- 
sectional views of FIGS. 4A, 4B and 4C taken along their 
diagonals respectively correspond to FIGS. IB, 2A and 2B, 
which are also referred to in the following description. 

When the picture element electrode 14 and the counter 
electrode 22 have the same potential, namely, when no voltage 
is applied through the liquid crystal layer 30, the liquid 
crystal molecules 30a controlled in their orientation 
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direction by the vertical alignment films (not shown) 
provided on the faces of the TFT substrate 100a and the 
counter substrate 100b facing the liquid crystal layer 30 are 
in the vertical orientation state as shown in FIG. 4A. 

When the electric field expressed by the equipotential 
line EQ of FIG. 2A is generated by applying a voltage through 
the liquid crystal layer 30, the torque is applied to the 
liquid crystal molecules 30a having the negative dielectric 
anisotropy so that their axial directions can be parallel to 
the equipotential line EQ. As described with reference to 
FIGS. 3A and 3B, in a liquid crystal molecule 30a positioned 
in the electric field expressed by an equipotential line EQ 
vertical to the molecular axis of the liquid crystal molecule 
30a , the direction for inclining (rotating) the liquid 
crystal molecule 30a is not uniquely determined (as shown in 
FIG. 3A) , and hence, the orientation change (inclination or 
rotation) cannot be easily caused. In contrast, in a liquid 
crystal molecule 30a positioned on an equipotential line EQ 
inclined against the molecular axis of the liquid crystal 
molecule 30a, the inclination (rotation) direction is 
uniquely determined, and hence, the orientation change is 
easily caused. Accordingly, as shown in FIG. 4B, the liquid 
crystal molecules 30a start to incline from the edge portions 
of the openings 14a where the molecular axes of the liquid 
crystal molecules 30a are inclined against the equipotential 
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line EQ. Then, as described with reference to FIG. 3C, the 
liquid crystal molecules 30a positioned around the inclined 
liquid crystal molecules 30a at the edge portions of the 
openings 14a are also inclined so as to match their 
orientations. As a result, the axial directions of the 
liquid crystal molecules 30a become stable in a state as 
shown in FIG. 4C (in the radially-inclined orientation). 

In this manner, when the opening 14a has the 
rotationally symmetrical shape, the liquid crystal molecules 
30a within the picture element region are inclined from the 
edge portions of the opening 14a toward the center of the 
opening 14a by applying a voltage. Therefore, the liquid 
crystal molecules 30a positioned in the vicinity of the 
center of the opening 14a, where the orientation-regulating 
forces for the liquid crystal molecules 30a working from the 
respective edge portions are balanced, are kept to be 
vertically oriented, with the liquid crystal molecules 30a 
positioned around continuously inclined radially around the 
liquid crystal molecules 30a positioned in the vicinity of 
the center of the opening 14a. 

Also, the liquid crystal molecules 30a positioned in 
the region corresponding to the substantially circular unit 
solid portion 14b' surrounded with the substantially star- 
shaped four openings 14a disposed in the square lattice 
arrangement are inclined so as to match their orientations 
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with the orientation of the liquid ^crystal . molecules 30a 
inclined owing to the inclined electric fields generated at 
the edge portions of the opening 14a. The liquid crystal 
molecules 30a positioned in the vicinity of the center of the 
5 unit solid portion 14b', where the orientation-regulating 
forces for the liquid crystal molecules 30a working from the 
edge portions are balanced, keep their vertical orientation 
to the substrate surface, with the liquid crystal molecules 
30a positioned around continuously inclined radially around 

if 10 the liquid crystal molecules 30a positioned in the vicinity 

ru 

jjj of the center of the unit solid portion 14b' . 

JE When the liquid crystal domains in which the liquid 

s crystal molecules 30a are in the radially-inclined 

53 orientation state are disposed in the square lattice 

~f 15 arrangement in the entire picture element region in this 
^ manner, the existing probability of the axial directions of 

the liquid crystal molecules 30a is rotationally symmetrical, 
and hence, a high quality display free from unevenness can be 
realized in all the viewing directions. In order to reduce 
20 the viewing angle dependency of the liquid crystal domain 
with the radially-inclined orientation, the liquid crystal 
domain is preferably highly rotationally symmetrical (with a 
rotation axis preferably of two or more folds and more 
preferably of four or more folds). Furthermore, in order to 
25 reduce the viewing angle dependency of the entire picture 
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element region, the plural liquid crystal domains formed in 
the picture element region are preferably disposed in 
arrangement (of, for example, a square lattice) expressed by 
a combination of a unit (of, for example, a unit lattice) 
that is highly rotationally symmetrical (with a rotation axis 
preferably of two or more folds and more preferably of four 
or more folds ) . 

The radially-inclined orientation of the liquid crystal 
molecules 30a is more stable when it is clockwise or 
counterclockwise spiral radially-inclined orientation as 
shown in FIGS. 5B and 5C than when it is simple radially- 
inclined orientation as shown in FIG. 5A. In such spiral 
orientation, the orientation directions of the liquid crystal 
molecules 30a are not spirally changed along the thickness 
direction of the liquid crystal layer 30 as in the general 
twist orientation but the orientation directions of the 
liquid crystal molecules 30a are minimally changed along the 
thickness direction of the liquid crystal layer 30 when seen 
in a small region. Specifically, in a cross-section taken in 
any position along the thickness direction of the liquid 
crystal layer 30 (in any cross-section on a plane parallel to 
the layer surface), the orientation is the same as that of 
FIG. 5B or 5C and twist change along the thickness direction 
of the liquid crystal layer 30 is minimally caused. However, 
in the entire liquid crystal domain, the twist change is 
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caused, to some extent. 

When a chiral agent is added to the nematic liquid 
crystal material having the negative dielectric anisotropy, 
the liquid crystal molecules 30a attain the counterclockwise 
5 or clockwise spiral radially-inclined orientation as shown in 
FIG. 5B or 5C around the center of the opening 14a or the 
unit solid portion 14b' under voltage application. The 
spiral direction depends upon the kind of chiral agent to be 
used. Accordingly, by placing the liquid crystal layer 30 
[qLO within the opening 14 in the spiral radially-inclined 

s Li 

hj orientation state under voltage application, the spiral 

u 

=C direction of the radially inclined liquid crystal molecules 
30a around the liquid crystal molecules 30a oriented 

E I 
™^ 

2f vertically to the substrate surface can be made the same in 
3.5 all the liquid crystal domains, resulting in realizing even 
display free from unevenness. Furthermore, since the spiral 
direction around the liquid crystal molecules 30a oriented 
vertically to the substrate surface is thus determined, the 
response speed in applying a voltage through the liquid 
20 crystal layer 30 can be improved. 

When a chiral agent is added, the orientation of the 
liquid crystal molecules 30a can be spirally changed along 
the thickness direction of the liquid crystal layer 30 as in 
the general twist orientation. In an orientation state where 
25 the orientation of the liquid crystal molecules 30a is not 
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spirally changed along the thickness direction of the liquid 
crystal layer 30, liquid crystal molecules 30a oriented 
vertically or parallel to the polarization axis of a 
polarizing plate do not cause a phase difference in incident 
light, and hence, incident light passing through a region in 
such an orientation state makes no contribution to the 
transmittance. In contrast, in the orientation state where 
the orientation of the liquid crystal molecules 30a is 
spirally changed along the thickness direction of the liquid 
crystal layer 30, also liquid crystal molecules 30a oriented 
vertically or parallel to the polarization axis of the 
polarizing plate cause a phase difference in incident light, 
and the optical activity of the light can be utilized. 
Accordingly, the incident light passing through a region in 
such an orientation state can make contribution to the 
transmittance, resulting in realizing a liquid crystal 
display device capable of bright display. 

Although the opening 14a is in the substantially star- 
shape and the unit solid portion 14b ' is in the substantially 
circular shape and they are disposed in the square lattice 
arrangement in FIG. 1A, the shapes and the arrangement of the 
opening 14a and the unit solid portion 14b' are not limited 
to those shown in FIG. 1A. 

FIGS. 6A and 6B are top views of picture element 
electrodes 14A and 14B having openings 14a and unit solid 
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portions 14b' in different shapes. 

The openings 14a and the unit solid portions 14b' of 
the picture element electrodes 14A and 14B shown in FIGS. 6A 
and 6B are in the shapes slightly strained as compared with 
5 the opening 14a and the unit solid portion 14b' shown in FIG. 
1A. The openings 14a and the unit solid portions 14b' of the 
picture element electrodes 14A and 14B have a two-fold 
rotation axis (not a four-fold rotation axis) and are 
^ regularly arranged so as to form a rectangular unit lattice. 
/SlO Each opening 14a is in a strained star-shape, and each unit 
|Tj solid portion 14b' is in an elliptical shape (strained 
£ circular shape). Also when any of the picture element 
5 electrodes 14A and 14B is used, a liquid crystal display 

53 device with high display quality and a good viewing angle 
£l5 characteristic can be obtained. 

Furthermore, any of picture element electrodes 14C and 
14D respectively shown in FIGS. 7A and 7B may be used. 

In each of the picture element electrodes 14C and 14D, 
openings 14a each in substantially a cross-shape are disposed 
20 in a square lattice arrangement so as to form a unit solid 
portion 14b' in substantially a square shape. Needless to 
say, they may be strained and arranged to form a rectangular 
unit lattice. Also when such unit solid portions 14b' in a 
substantially rectangular shape (including a square shape) 
25 are thus regularly arranged, a liquid crystal display device 
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having high display quality and a good viewing angle 
characteristic can be obtained. 

However, the opening 14a and/or the unit solid portion 
14b' are preferably in a circular or elliptical shape as 
compared with a rectangular shape because the radially- 
inclined orientation can be stabilized when they are circular 
or elliptical. This is probably because the edge portions of 
the openings 14a are continuously (smoothly) changed when 
they are circular or elliptical so that the orientation 
directions of the liquid crystal molecules 30a can be 
continuously (smoothly) changed. 

From the viewpoint of the aforementioned continuity of 
the orientation directions of the liquid crystal molecules 
30a, any of picture element electrodes 14E and 14F 
respectively shown in FIGS. 8A and 8B may be used. The 
picture element electrode 14E of FIG. 8A is a modification of 
the picture element electrode 14 of FIG. 1A and has an 
opening 14a formed from four arcs alone. The picture element 
electrode 14F of FIG. 8B is a modification of the picture 
element electrode 14D of FIG. 7B and has an opening 14a 
having arc-shaped edges adjacent to unit solid portions 14b' . 
The opening 14a and the unit solid portion 14b' of each of 
the picture element electrodes 14E and 14F have a four-fold 
rotation axis and are disposed in the square lattice 
arrangement (with a four-fold rotation axis). However, the 
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opening 14a and the unit solid portion 14b' may be strained 
to have a two-fold rotation axis and disposed in rectangular 
lattice arrangement (with a two-fold rotation axis) as shown 
in FIGS, 6A and 6B. 

In the aforementioned examples, the opening 14a is 
formed in the substantially star-shape or the substantially 
cross-shape, and the unit solid portion 14b' is formed in the 
substantially circular shape, the substantially elliptical 
shape, the substantially square (rectangular) shape or the 
substantially rectangular shape with round corners. In 
contrast, the relationship between the opening 14a and the 
unit solid portion 14b' may be negatively /positively reversed. 
For example, FIG. 9 shows a picture element electrode 14G 
having a pattern obtained by negatively /positively reversing 
the pattern of the opening 14a and the unit solid portion 14b 
of the picture element electrode 14 of FIG. 1A. The picture 
element electrode 14G having such a negatively /positively 
reversed pattern can exhibit substantially the same function 
as the picture element electrode 14 of FIG. 1. In the case 
where the opening 14a and the unit solid portion 14b' are 
both in a substantially square shape as in picture element 
electrodes 14H and 141 respectively shown in FIGS. 10A and 
10B, a negatively /positively reversed pattern is the same as 
the original pattern. 

Also in the pattern of FIG. 9 obtained by 
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negatively /positive reversing the pattern of FIG. 1A, some 
(approximately a half or a quarter) of the opening 14a are 
preferably formed at the edge portions of the picture element 
electrode 14 so as to form a rotationally symmetrical unit 
solid portion 14b'. Thus, the effect derived from the 
inclined electric field can be obtained also at the edges of 
the picture element region similarly to the center of the 
picture element region, so as* to realize stable radially- 
inclined orientation in the entire picture element region* 

Now, it will be described whether a negative pattern or 
a positive pattern should be employed by exemplifying the 
picture element electrode 14 of FIG. 1A and the picture 
element electrode 14G of FIG. 9 having the pattern obtained 
by negatively /positively reversing the pattern of the opening 
14a and the unit solid portion 14b' of the picture element 
electrode 14. 

In either of the negative and positive patterns, the 
length of the edges of the opening 14a is the same. 
Accordingly, there is no difference between these patterns in 
the function to generate the inclined electric field. 
However, the area ratio of the unit solid portions 14b' (the 
ratio to the entire area of the picture element electrode 14) 
may be different in these patterns. Specifically, the 
patterns may be different in the area of a solid portion 14b 
(where the conducting film actually exists) for generating 
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the electric field applied to the liquid crystal molecules of 
the liquid crystal layer. 

A voltage applied to a liquid crystal domain formed in 
the opening 14a is lower than a voltage applied to a liquid 
5 crystal domain formed in the solid portion 14b. Therefore , 
for example, in normally black mode display , the liquid 
crystal domain formed in the opening 14a is darker. In other 
words, as the area ratio of the opening 14a is higher, the 
n display luminescence tends to be lowered. Accordingly, the 

yj|0 area ratio of the solid portion 14b is preferably higher. 

RJ 

yj It depends upon the pitch (size) of the unit lattice in 

=P which of the pattern of FIG. 1A and the pattern of FIG. 9 the 

s area ratio of the solid portion 14b is higher. 

5 S 

^ FIG. 11A shows the unit lattice of the pattern of FIG. 

5|5 1A, and FIG. 11B shows the unit lattice (whereas having the 

fsls 

opening 14a as the center) of the pattern of FIG. 9. In FIG. 
11A, portions for mutually connecting the adjacent unit solid 
portions 14b' (namely, branch portions extending in the four 
directions from the circular portion) in FIG. 1 are omitted. 

20 It is herein assumed that the length (pitch) of one side of 
the square unit lattice is p and that the length of space 
between the opening 14a or the unit solid portion 14b' and 
the unit lattice (side space) is s. 

A variety of picture element electrodes 14 respectively 

25 having different pitches p and different side spaces s are 
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fabricated, so as to examine the stability of the radially- 
inclined orientation and the like. As a result, it is first 
found that, in order to generate an inclined electric field 
necessary for attaining the radially-inclined orientation by 
using a picture element electrode 14 having the pattern of 
FIG. 11A (hereinafter referred to as the positive pattern) , 
the side space s should be approximately 2.75 JUL m or more. 
On the other hand, with respect to a picture element 
electrode 14 having the pattern of FIG. 11B (hereinafter 
referred to as the negative pattern), it is found that the 
side space s should be approximately 2.25 JUL m or more for 
generating the inclined electric field for attaining the 
radially-inclined orientation. With the side spaces s set to 
these lower limit values, the area ratios of the solid 
portion 14b obtained by varying the value of the pitch p are 
examined. The results are shown in Table 1 and FIG. lie. 



Table 1: 



Pitch p (>um) 


Area ratio of solid portion (%) 


Positive pattern 


Negative pattern 


20 


41.3 


52.9 


25 


47.8 


47 .2 


30 


52.4 


43.3 


35 


55.8 


40.4 


40 


58.4 


38.2 


45 


60.5 


36.4 


50 


62.2 


35.0 



As is understood from Table 1 and FIG. lie, when the 
pitch p is approximately 25 JJL m or more, the area ratio of 
the solid portion 14b is higher in the positive pattern 
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(shown in FIG. 11A) , and when the pitch p is smaller than 
approximately 25 jum, the area ratio of the solid portion 14b 
is higher in the negative pattern (shown in FIG. 11B) . 
Accordingly , from the viewpoint of the display luminescence 
and the stability of orientation, the pattern to be employed 
is changed depending upon whether the pitch p is larger than 
or smaller than approximately 25 ju m. For example, in the 
case where three or less unit lattices are formed in the 
lateral direction of a picture element electrode 14 with a 
width of 75 jum, the positive pattern as shown in FIG. 11A is 
preferred, and in the case where four or more unit lattices 
are formed, the negative pattern as shown in FIG. 11B is 
preferred. In employing any of the patterns other than the 
exemplified patterns of FIGS. 11A and 11B, a positive pattern 
or a negative pattern is appropriately selected so as to 
attain a higher area ratio of the solid portion 14b. 

The number of unit lattices is obtained as follows : 
The size of a unit lattice is calculated so that one, two or 
a larger integral number of unit lattices can be arranged 
along the width or length of the picture element electrode 14. 
The area ratio of a solid portion is calculated with respect 
to each size of the unit lattice, so as to select the unit 
lattice size for maximizing the area ratio of the solid 
portion. However, the orientation-regulating force obtained 
by the inclined electric field is degraded and the stable 
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radially-inclined orientation is difficult to attain when the 
diameter of the unit solid portion 14b' is smaller than 15 ju 
m in employing a positive pattern and when the diameter of 
the opening 14a is smaller than 15 U m in employing a 
negative pattern- The lower limit values of these diameters 
are obtained when the liquid crystal layer 30 has a thickness 
of approximately 3 //m. In the case where the liquid crystal 
layer 30 has a smaller thickness, the stable radially- 
inclined orientation can be attained even when the diameter 
yujlO °f t ^ ie unit solid portion 14b' or the opening 14a is smaller 
j than the lower limit value- In the case where the liquid 
" crystal layer 30 has a larger thickness, the lower limit 
value of the diameter of the unit solid portion 14b' or the 
~ s opening 14a required for attaining the stable radially- 
45 inclined orientation is larger than the aforementioned lower 
limit value. 

As described in detail in Embodiment 2 below, the 
stability of the radially-inclined orientation can be 
improved by forming a protrusion within the opening 14a. The 
20 aforementioned conditions are applied when no protrusion is 
formed . 

With respect to the positive pattern as shown in FIG. 
11A, a variety of picture element electrodes 14 respectively 
having different shapes of the unit solid portion 14b' and 
25 different side spaces s are fabricated, so as to examine the 
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stability of the radially-inclined orientation and the 
transmittance. Also, the orientation stability obtained by 
changing the cell thickness (the thickness of the liquid 
crystal layer 30) is also examined. In the examinations 
described below, a liquid crystal display device of a 
normally black mode equipped with a 18.1-inch SXGA panel is 
used. 

First, picture element electrodes 14 including unit 
solid portions 14b' respectively in the shapes as shown in 
FIGS. 12A, 12B, 12C and 12D are evaluated for their 
orientation stability with the pitch p set to 42.5 >am, the 
side space s set to 4.25 //m, 3.50 ju m or 2.75 jam and the 
cell thickness set to 3.70 jULm or 4.15 /zm. In the 18.1-inch 
SXGA panel, the unit lattices can be most efficiently 
arranged (without wasting any area of the picture element 
region) when the pitch p is 42.5 //m. 

FIG. 12A is a diagram for schematically showing the 
unit lattice of a picture element electrode 14 having a unit 
solid portion 14b' in a substantially circular shape, FIGS. 
12B and 12C are diagrams for schematically showing the unit 
lattices of picture element electrodes 14 each having a unit 
solid portion 14b' in a substantially square shape with 
substantially arc-shaped corners, and FIG. 12D is a diagram 
for schematically showing the unit lattice of a picture 
element electrode 14 including a unit solid portion 14b' in a 
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substantially square shape. The unit solid portions of FIGS. 
12B and 12C are different from each other in the ratio 
between a radius r of curvature approximately expressing the 
shape of the substantially arc-shaped corner and a length L 
of one side of the unit solid portion, which is 1:3 in FIG. 
12B and 1:4 in FIG. 12C. In FIGS. 12A, 12B, 12C and 12D, the 
portions mutually connecting the adjacent unit solid portions 
14b' in FIG. 1 (the branch portions extending toward the four 
directions from the circular portion) are omitted. 

The degree of the orientation stability can be 
evaluated by, for example, examining the presence of a 
residual image in displaying a dynamic image. In displaying 
a dynamic image in which a black box is moving with a 
intermediate gray scale background, the degree of the 
orientation stability tends to affect the display. When the 
degree of the orientation stability is comparatively low, a 
white tailing residual image may occur. This white tailing 
residual image may be caused when a nematic liquid crystal 
material including a chiral agent is used as the liquid 
crystal material. The cause of the occurrence of the white 
tailing residual image will be described later. 

Table 2 shows the results of visual evaluation of the 
degree of occurrence of the white tailing residual image 
obtained with the aforementioned various parameters varied. 
In Table 2, the shapes of the unit solid portions 14b' 
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respectively shown in FIGS-. 12A, 12B, 12C and 12D are 
designated as a circle, a barrel A, a barrel B and a square. 
Also, in Table 2, © denotes that the tailing residual image 
is not observed, O denotes that the tailing residual image 
is minimally observed and A denotes that the tailing 
residual image is observed. 



Table 2 : 



Side space s (//m) 


4.25 


3.50 


2.75 


Cell thickness ( //m) 


3.70 


4.15 


3.70 


4.15 


3.70 


4.15 


Circle 


@ 


© 


© 


© 


© 


O 


Barrel A 


@ 


© 


A 


A 


A 


A 


Barrel B 


© 


© 


A 


A 


A 


A 


Square 




A 


A 


A 


A 


A 



As shown in Table 2, with respect to the shape of the 
unit solid portion 14b' , the orientation stability is higher 
in the order of the circle, the barrel A, the barrel B and 
the square. This is because the continuity in the 
orientation direction of the liquid crystal molecules 30a in 
the radially-inclined orientation state is higher as the 
shape of the unit solid portion 14b' is more approximate to a 
circle. Also as shown in Table 2, the orientation stability 
is higher as the side space s is larger. This is because the 
effect to control the orientation by the inclined electric 
field is more remarkably exhibited as the side space s is 
larger. Furthermore, the orientation stability is higher as 
the cell thickness is smaller. This is because the effect to 
control the orientation by the inclined electric field is 



more remarkably exhibited as the cell thickness is smaller. 

In order to evaluate the orientation stability, the 
degree of occurrence of unevenness through pressure (pressure 
residual image) is also evaluated. As a result, it is 
confirmed that the orientation stability is higher as the 
cell thickness is smaller. The pressure residual image is 
evaluated by examining the degree at which orientation 
turbulence caused by applying a stress to the panel surface 
of the liquid crystal display device remains as display 
unevenness after removing the stress. 

Next, the transmittance is evaluated with the various 
parameters varied as in the evaluation of the orientation 
stability. Table 3 shows the results of the transmittance 
measured in white display (under application of a voltage of 
6.0 V through the liquid crystal layer) in a liquid crystal 
display device with a cell thickness of 3.70 jam* Table 3 
shows transmittance ratios calculated by assuming that the 
transmittance of a liquid crystal display device using a 
picture element electrode 14 including a unit solid portion 
14b ' in the shape of the barrel B and having a side space s 
of 4.25 jum is 1. Also, a parenthesized numerical value in 
Table 3 is an actually measured value of the transmittance 
(namely, the front transmittance obtained by assuming that 
the light intensity of a backlight source in white display is 
100). 
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Table 3 : 



Side space s (//m) 


4.25 


3.50 


2 .75 


Circle 


0.885 
(3.06) 


0.917 
(3.17) 


0.940 
(3.25) 


Barrel A 


0.953 
(3.29) 


0.989 
(3.42) 


1 .024 
(3.54) 


Barrel B 


1.000 
(3.45) 


1.031 
(3.56) 




Square 


1.028 
(3.55) 







As shown in Table 3, with respect to the shape of the 
unit solid portion 14b' , the transmittance is higher in the 
order of the square, the barrel B, the barrel A and the 
circle. This is because, when the side space s is the same, 
the area ratio of the solid portion 14b is higher as the 
shape of the unit solid portion 14b' is more approximate to a 
square, and hence, the area (defined on a plane seen from the 
substrate normal direction) of a portion of the liquid 
crystal layer directly affected by the electric fields 
generated by the electrodes is larger, resulting in 
increasing the effective aperture ratio. Also as shown in 
Table 3, the transmittance is higher as the side space s is 
smaller. This is because as the side space s is smaller, the 
area ratio of the solid portion 14b is higher, and hence, the 
effective aperture ratio is higher. 

As described above, the orientation stability is higher 
as the shape of the unit solid portion 14b' is more 
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approximate to a circle and as the side space s is larger. 
Also, the orientation stability is higher as the cell 
thickness is smaller. 

Furthermore, since the effective aperture ratio is 
higher as the area ratio of the solid portion 14b is higher, 
the transmittance is higher as the shape of the unit solid 
portion 14b' is more approximate to a square (or a rectangle) 
and as the side space s is smaller. 

Accordingly, in consideration of desired orientation 
stability and transmittance, the shape of the unit solid 
portion 14b', the side space s and the cell thickness are 
determined. 

When the unit solid portion 14b' is in a substantially 
square shape with substantially arc-shaped corners as shown 
in FIGS. 12B and 12C, both the orientation stability and the 
transmittance can be comparatively high. Needless to say, 
the aforementioned effect can be attained when the unit solid 
portion 14b' is in a substantially rectangular shape with 
substantially arc-shaped corners. The corner of the unit 
solid portion 14b' formed from a conducting film may not be 
in an arc-shape precisely due to the restriction in 
fabrication process but may be in an obtuse-angled polygonal 
shape (a shape formed from a plurality of angles exceeding 90 
degrees). The corner may be formed not only in the shape of 
a quarter arc or a regular polygonal shape (for example, a 
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part of a regular polygon) but also in the shape of a 
slightly strained arc (such as a part of an . ellipse) or a 
strained polygonal shape. Alternatively, the corner may be 
in a shape obtained by combining a curve and an obtuse angle. 
The substantially arc-shaped corner herein includes corners 
in any of the aforementioned shapes. For the same reason in 
the production process , also in the unit solid portion 14b' 
in the substantially circular shape as shown in FIG. 12A, the 
shape may not be a precise circle but may be a polygonal 
shape or a slightly strained circle. 

In the liquid crystal display devices whose orientation 
stability and transmittance are listed in Tables 2 and 3, 
both the orientation stability and the transmittance can be 
comparatively high in using a picture element electrode 14 
including a unit solid portion in the shape of. the barrel B 
and having a side space s of 4 . 25 //m. 

The structure of the liquid crystal display device of 
Embodiment 1 is substantially the same as that of a 
conventional vertical alignment type liquid crystal display 
device except that the picture element electrode 14 is an 
electrode having the openings 14a, and the present liquid 
crystal display device can be fabricated by any of the known 
fabrication methods. 

In order to vertically orient the liquid crystal 
molecules having the negative dielectric anisotropy, the 
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vertical alignment layers (not shown) are typically formed on 
the faces of the picture element electrode 14 and the counter 
electrode 22 facing the liquid crystal layer 30. 

As the liquid crystal material, a nematic liquid 
5 crystal material having the negative dielectric anisotropy is 
used. Also, a liquid crystal display device of a guest-host 
mode may be fabricated by adding a dichroic pigment. A 
liquid crystal display device of a guest-host mode does not 
require a polarizing plate. 

10 EMBODIMENT 2 

The structure of one picture element region of a liquid 
crystal display device 200 according to Embodiment 2 of the 
invention will now be described with reference to FIGS. 13A 
and 13B- In all the drawings referred to below, like 

15 reference numerals are used to refer to like elements having 
substantially the same functions as those of the liquid 
crystal display device 100, so as to omit the description. 
FIG. 13A is a top view seen from the substrate normal 
direction, and FIG. 13B is a cross-sectional view taken along 

20 line 13B-13B' of FIG. 13A. FIG. 13B shows a state where no 
voltage is applied through the liquid crystal layer. 

As shown in FIGS. 13A and 13B, the liquid crystal 
display device 200 is different from the liquid crystal 
display device 100 of Embodiment 1 shown in FIGS. 1A and IB 

25 in a TFT substrate 200a including a protrusion 40 within each 
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opening 14a of the picture element electrode 14. On the 
protrusion 40, a vertical alignment film (not shown) is 
provided. 

The cross-sectional structure of the protrusion 40 
5 taken along a plane direction of the substrate 11 is the same 
as the shape of the opening 14a as is shown in FIG. 13A, and 
is herein a substantially star-shape. The adjacent 

protrusions 40 are mutually connected, so as to completely 

„ surround the unit solid portion 14b' substantially circularly. 

o 

qIO The cross-sectional structure of the protrusion 40 taken 
fi vertically to the plane direction of the substrate 11 is in a 
Jp trapezoidal shape as shown in FIG. 13B. Specifically, the 
* protrusion has a top face 40t parallel to the substrate 

ij surface and side faces 40s inclined at a taper angle 0 (< 
15 90°) against the substrate face. Since the vertical 
alignment film (not shown) is formed so as to cover the 
protrusion 40, the side face 40s of the protrusion 40 has 
orientation-regulating force for orienting the liquid crystal 
molecules 30a of the liquid crystal layer 30 in the same 
20 direction as the orientation-regulating direction of the 
inclined electric field, so as to stabilize the radially- 
inclined orientation. 

This function of the protrusion 40 will now be 
described with reference to FIGS. 14A, 14B, 14C, 14D, 15A and 
25 15B. 
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First., the relationship between the orientation of a 
liquid crystal molecule 30a and the shape of a face having a 
vertical alignment property will be described with reference 
to FIGS. 14A, 14B, 14C and 14D. 

As shown in FIG. 14A, a liquid crystal molecule 30a 
positioned on a horizontal face is oriented vertically to the 
face by the orientation-regulating force of the face having 
the vertical alignment property (typically, a surface of a 
vertical alignment film) . When an electric field expressed 
by an equipotential line EQ vertical to the axial direction 
of the liquid crystal molecule 30a is applied to this 
vertically oriented liquid crystal molecule 30a, torque is 
applied to the liquid crystal molecule 30a for inclining it 
in the clockwise direction or in the counterclockwise 
direction in equivalent probabilities. Accordingly, in the 
liquid crystal layer 30 disposed between parallel plate type 
electrodes opposing each other, the torque is applied in the 
clockwise direction to some liquid crystal molecules 30a and 
in the counterclockwise direction to other liquid crystal 
molecules 30a. As a result, the change to the orientation 
state in accordance with the voltage applied through the 
liquid crystal layer 30 sometimes may not be smoothly caused. 

As shown in FIG. 14B, when the electric field expressed 
by a horizontal equipotential line EQ is applied to a liquid 
crystal molecules 30a oriented vertically to an inclined face, 
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the liquid crystal molecule 30a is inclined in a direction 
for orienting parallel to the equipotential line EQ with 
smaller inclination (in the clockwise direction in the 
drawing). Furthermore, as shown in FIG. 14C, a liquid 
crystal molecule 30a oriented vertically to the horizontal 
face is inclined in the same direction (the clockwise 
direction) as another liquid crystal molecule 30a positioned 
on the inclined face so as to make continuous (match) their 
orientations . 

As shown in FIG. 14D, on an irregular face whose cross- 
section is in a continuous trapezoidal shape, liquid crystal 
molecules 30a positioned on the top or lower horizontal faces 
are oriented so as to match with the orientation directions 
of liquid crystal molecules 30a positioned on the inclined 
faces . 

In the liquid crystal display device of this embodiment, 
the radially-inclined orientation is stabilized by making the 
orientation-regulating direction obtained by such a face 
shape (protrusion) accord with the orientation-regulating 
direction obtained by the inclined electric field. 

FIGS. 15A and 15B show states obtained by applying a 
voltage through the liquid crystal layer 30 of FIG. 13B, and 
specifically, FIG. ISA schematically shows the state where 
the orientation of the liquid crystal molecules 30a starts to 
change in accordance with the voltage applied through the 
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liquid crystal layer 30 (the ON initial state) and FIG, 15B 
schematically shows the state where the orientation of the 
liquid crystal molecules 30a changed in accordance with the 
applied voltage attains the stationary state. In FIGS. 15A 
and 15B, a line EQ denotes an equipotential line. 

When the picture element electrode 14 and the counter 
electrode 22 have the same potential (namely, when no voltage 
is applied through the liquid crystal layer 30), the liquid 
crystal molecules 30a within the picture element region are 
oriented vertically to the faces of the substrates 11 and 21 
as shown in FIG. 13B. At this point, a liquid crystal 
molecule 30a in contact with the vertical alignment film (not 
shown) formed on the side face 40s of the protrusion 40 is 
oriented vertically to the side face 40s, and a liquid 
crystal molecule 30a in the vicinity of the side face 40s is 
oriented to be inclined as shown in the drawing due to the 
interaction (property as an elastic substance) with the 
liquid crystal molecules 30a around. 

When a voltage is applied through the liquid crystal 
layer 30, potential gradient expressed by the equipotential 
line EQ of FIG. 15A is formed. The equipotential line EQ is 
parallel to the faces of the solid portion 14b and the 
counter electrode 22 within a region of the liquid crystal 
layer 30 positioned between the solid portion 14b of the 
picture element electrode 14 and the counter electrode 22 and 
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drops in a region corresponding to the opening 14a of the 
picture element electrode 14, and an inclined electric field 
expressed by an inclined portion of the equipotential line EQ 
is formed in a region of the liquid crystal layer 30 at the 
edge portion of the opening 14a (the inside periphery of the 
opening 14a including the boundary) • 

Owing to this inclined electric field, a liquid crystal 
molecule 30a positioned on the edge portion EG is inclined 
(rotated) in the clockwise direction at the edge portion EG 
on the right hand side in the drawing and in the 
counterclockwise direction at the edge portion EG on the left 
hand side in the drawing as described above, so as to orient 
parallel to the equipotential line EQ. The orientation- 
regulating direction by this inclined electric field accords 
with the orientation-regulating direction obtained by the 
side face 40s positioned at each edge portion EG. 

As described above, when the change of the orientation 
starting from the liquid crystal molecules 30a positioned on 
the inclined portions of the equipotential line EQ is 
proceeded to attain the stationary state, the orientation 
state schematically shown in FIG. 15B is obtained. The 
liquid crystal molecules 30a positioned in the vicinity of 
the center of the opening 14a, namely, in the vicinity of the 
top face 40t of the protrusion 40, are affected substantially 
equally by the orientations of the liquid crystal molecules 
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30a positioned at the opposing edge portions EG of the 
opening 14a, and hence keep the orientation vertical to the 
equipotential line EQ. The liquid crystal molecules 30a 
positioned away from the center of the opening 14a (namely, 
5 the top face 40t of the protrusion 40) are inclined due to 
the influence of the orientation of the liquid crystal 
molecules 30a positioned at the closer edge portion EG, so as 
to form the inclined orientation symmetrical about the center 
q SA of the opening 14a (the top face 40t of the protrusion 40). 
10 Also, in a region corresponding to the unit solid portion 

Fy 

W 14b' substantially surrounded by the openings 14a and the 
% protrusion 40, the inclined orientation symmetrical about the 
JL, center SA of the unit solid portion 14b' is formed, 

2 In this manner, also in the liquid crystal display 

CO 

p 15 device 200 of Embodiment 2, liquid crystal domains having the 
radially-inclined orientation are formed correspondingly to 
the openings 14a and the unit solid portions 14b' in the same 
manner as in the liquid crystal display device 100 of 
Embodiment 1, Since the protrusion 40 is formed so as to 

20 completely surround the unit solid portion 14b' substantially 
circularly, a liquid crystal domain is formed correspondingly 
to the substantially circular region surrounded by the 
protrusion 40. Furthermore, the side face of the protrusion 
40 formed within the opening 14a works to incline the liquid 

25 crystal molecules 30a positioned in the vicinity of the edge 
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portion EG of the opening 14a in the same direction as the 
orientation direction caused by the inclined electric field, 
resulting in stabilizing the radially-inclined orientation. 

Naturally, the orientation-regulating force obtained by 
the inclined electric field works merely under application of 
voltage and depends upon the magnitude of the electric field 
(i.e., the magnitude of the applied voltage). Accordingly, 
when the electric field has small magnitude (namely, when the 
applied voltage is low) , the orientation-regulating force by 
the inclined electric field is weak, and hence, the radially- 
inclined orientation may be destroyed due to floating of the 
liquid crystal material when an external force is applied to 
the liquid crystal panel. Once the radially-inclined 
orientation is destroyed, the radially-inclined orientation 
cannot be restored until a voltage sufficiently high for 
generating the inclined electric field exhibiting 
sufficiently strong orientation-regulating force is applied. 
In contrast, the orientation-regulating force by the side 
face 40s of the protrusion 40 works regardless of the applied 
voltage and is very strong as is known as an anchoring effect 
of an alignment film. Accordingly, even when the radially- 
inclined orientation is once destroyed due to the floating of 
the liquid crystal material, the liquid crystal molecules 30a 
positioned in the vicinity of the side face 40s of the 
protrusion 40 keep their orientation directions the same as 
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those in the radially-inclined orientation. .Therefore, the 
radially-inclined orientation can be easily restored when the 
floating of the liquid crystal material is stopped. 

In this manner,, the liquid crystal display device 200 
of Embodiment 2 has not only the same characteristic as that 
of the liquid crystal display device 100 of Embodiment 1 but 
also a characteristic of high resistance against an external 
force. Accordingly, the liquid crystal display device 200 is 
suitably used in a PC or PDA generally used as portable 
equipment to which an external force is frequently applied. 

When the protrusion 40 is formed from a dielectric 
substance with high transparency, the protrusion 40 can 
advantageously increase the contribution to display of a 
liquid crystal domain formed correspondingly to the opening 
14a. On the other hand, when the protrusion 40 is formed 
from an opaque dielectric substance, light leakage derived 
from retardation of the liquid crystal molecules 30a oriented 
to be inclined owing to the side face 40s of the protrusion 
40 can be advantageously prevented. It can be determined 
depending upon the application of the liquid crystal display 
device which type of dielectric substance is used. In either 
case, when the dielectric substance is a photosensitive resin, 
a step of patterning the dielectric substance in accordance 
with the pattern of the openings 14a can be advantageously 
simplified. In order to attain sufficient orientation- 
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regulating force, the height of the protrusion 40 is 
preferably within a range between approximately 0.5 //m and 
approximately 2 JLL m when the liquid crystal layer 30 has a 
thickness of approximately 3 jum. In general, the height of 
5 the protrusion 40 is preferably in a range between 
approximately 1/6 through approximately 2/3 of the thickness 
of the liquid crystal layer 30. 

As described above, the liquid crystal display device 
200 includes the protrusion 40 within the opening 14a of the 

10 picture element electrode 14, and the side face 40s of the 
protrusion 40 has the orientation-regulating force for 
orienting the liquid crystal molecules 30a of the liquid 
crystal layer 30 in the same direction as the orientation- 
regulating direction obtained by the inclined electric field. 

15 Preferable conditions for the side face 40s to attain the 
orientation-regulating force in the same direction as the 
orientation-regulating direction of the inclined electric 
field will now be described with reference to FIGS. 16A, 16B 
and 16C. 

20 FIGS. 16A, 16B and 16C are schematic cross-sectional 

views of liquid crystal display devices 200A, 200B and 200C, 
respectively, all of which correspond to FIG. ISA. All of 
the liquid crystal display devices 200A, 200B and 200C have 
the protrusions within the openings 40a and are different 

25 from the liquid crystal display device 200 in the positional 
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relationship between the entire protrusion 40 as a single 
structure and the opening 14a. 

In the aforementioned liquid crystal display device 200, 
the entire protrusion 40 as a single structure is formed 
within the opening 14a and the bottom of the protrusion 40 is 
smaller than the opening 14a as shown in FIG. 15A. In the 
liquid crystal display device 200A of FIG. 16A, the bottom of 
the protrusion 40A accords with the opening 14a, and in the 
liquid crystal display device 200B of FIG. 16B, the 
protrusion 40B has a bottom larger than the opening 14a so 
that the protrusion 40B covers a part of the solid portion 
(conducting film) 14b around the opening 14a. In each of the 
protrusions 40, 40A and 40B, the solid portion 14b is not 
formed on the side face 40s. As a result, the equipotential 
line EQ is substantially flat on the solid portion 14b and 
drops in the opening 14a as shown in the respective drawings. 
Accordingly, the side face 40s of each of the protrusions 40A 
and 40B of the liquid crystal display devices 200A and 200B 
can exhibit the orientation-regulating force in the same 
direction as the orientation-regulating direction of the 
inclined electric field similarly to the protrusion 40 of the 
liquid crystal display device 200, so as to stabilize the 
radially-inclined orientation. 

In contrast, the bottom of the protrusion 40C of the 
liquid crystal display device 200C of FIG. 16C is larger than 
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the opening 14a, and a part of the solid portion 14b around 
the opening 14a is formed on the side face 40s of the 
protrusion 40C. Owing to the solid portion 14b formed on the 
side face 40s, a crest is formed in the equipotential line EQ. 
5 The crest of the equipotential line EQ has a gradient reverse 
to that of the equipotential line EQ dropping in the opening 
14a, which means that an inclined electric field is generated 
in the reverse direction to the inclined electric field for 
p orienting the liquid crystal molecules 30a to be radially 

J3 10 inclined. Accordingly, in order to attain the side face 40s 
UJ exhibiting the orientation-regulating force in the same 

direction as the orientation-regulating direction of the 

L, inclined electric field, it is preferred that the solid 

03 

g portion (conducting film) 14b is not formed on the side face 

p 15 40s. 

Next, the cross-sectional structure of the protrusion 
40 taken along line 17A-17A' of FIG. 13A will be described 
with reference to FIG. 17. 

Since the protrusion 40 of FIG. 13A is formed so as to 
20 completely surround the unit solid portion 14b' substantially 
circularly as described above, the portions for mutually 
connecting the adjacent unit solid portions 14b' (the branch 
portions extending in the four directions from the circular 
portion) are formed on the protrusion 40 as shown in FIG. 17. 
25 Accordingly, there is a risk of disconnection caused on the 
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protrusion 40 in depositing the conducting film for forming 
the solid portion 14b of the picture element electrode 14 , or 
peeling may be highly probably caused in a subsequent step of 
the fabrication process. 
5 Therefore, as in a liquid crystal display device 200D 

shown in FIGS. 18A and 18B, an independent protrusion 40D is 
formed to be completely contained within the opening 14a. 
Thus, the conducting film for forming the solid portion 14b 
□ is formed on the flat surface of the substrate 11, and hence, 

-ri 

S 10 the risk of disconnection and peeling can be avoided. 

Although the protrusion 40D is not formed so as to completely 
J surround the unit solid portion 14b' substantially circularly, 

q a liquid crystal domain in the substantially circular shape 

q is formed correspondingly to the unit solid portion 14b', so 

O 15 as to stabilize the radially-inclined orientation similarly 
to the aforementioned liquid crystal display device. 

The effect to stabilize the radially-inclined 
orientation by forming the protrusion 40 in the opening 14a 
is exhibited not only in the opening 14a having the 
20 aforementioned pattern but also in the opening 14a having any 
of the patterns described in Embodiment 1, and the same 
effect can be attained in employing any of the patterns. In 
order to sufficiently exhibit the effect to stabilize the 
radially-inclined orientation against an external force by 
25 the protrusion 40, the pattern (seen from the substrate 
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normal direction) of the protrusion 40 preferably has a shape 
for surrounding a region of the liquid crystal layer 30 as 
large as possible. Accordingly, the effect to stabilize the 
orientation by the protrusion 40 can be more remarkably 
exhibited in a positive pattern, for example, having a 
circular unit solid portion 14b' than in a negative pattern 
having a circular opening 14a. 

(Arrangement of polarizing plate and phase plate) 

In the so-called vertical alignment type liquid crystal 
display device including a liquid crystal layer in which 
liquid crystal molecules having the negative dielectric 
anisotropy are vertically oriented under application of no 
voltage, a display can be produced in a variety of display 
modes. For example, not only a birefringence mode for 
producing a display by controlling the birefringence of the 
liquid crystal layer with an electric field but also an 
optical rotating mode and a combination of the optical 
rotating mode and the birefringence mode can be employed as 
the display mode. When a pair of polarizing plates are 
provided on the outside of the pair of substrates (for 
example, the TFT substrate and the counter substrate) in each 
of the liquid crystal display devices described in 
Embodiments 1 and 2, a liquid crystal display device of the 
birefringence mode can be obtained. Also, a phase 

compensating device (typically, a phase plate) may be 
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provided if necessary. Furthermore, a liquid crystal display 
device capable of bright display can be obtained by using 
substantially circularly polarized light. 

In the liquid crystal display device in which the 
liquid crystal domains are placed in the spiral radially- 
inclined orientation state as shown in FIGS. 5B and 5C, the 
display quality can be further improved by optimizing the 
positions of the polarizing plates. Now, preferred positions 
of the polarizing plates will be described. Herein, the 
description will be given by exemplifying a liquid crystal 
display device for producing a display in the normally black 
mode in which a pair of polarizing plates are provided on the 
outside of a pair of substrates (for example, a TFT substrate 
and a counter substrate) so as to have their polarization 
axes substantially perpendicularly to each other. The spiral 
radially-inclined orientation state is realized by using, for 
example, a nematic liquid crystal material having the 
negative dielectric anisotropy including a chiral agent. In 
the following description, the "spirally radially-inclined 
orientation" is sometimes simply referred to as "spiral 
orientation" . 

First, the orientation states of liquid crystal 
molecules obtained when liquid crystal domains are in the 
spiral orientation state will be described with reference to 
FIGS. 19A, 19B and 19C. FIG. 19A is a diagram for 
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schematically showing the orientation state of the liquid 
crystal molecules obtained immediately after applying a 
voltage through the liquid crystal layer, and FIGS. 19B and 
19C are diagrams for schematically showing the orientation 
state of the liquid crystal molecules obtained in the 
orientation stable time (stationary state). 

Immediately after applying a voltage through the liquid 
crystal layer, the liquid crystal molecules 30a are placed in 
a simple radially-inclined orientation state in a plurality 
of liquid crystal domains as shown in FIG. 19A. When the 
orientation is further proceeded thereafter, the liquid 
crystal molecules 30a are inclined in predetermined 
directions on the plane of the liquid crystal layer, and in 
the orientation stable time (stationary state), the liquid 
crystal molecules 30 a are in the clockwise or 
counterclockwise spiral orientation as shown in FIG. 19B or 
19C. 

At this point, when the liquid crystal molecules 30a 
are inclined in the counterclockwise direction, the liquid 
crystal domain is in the clockwise spiral orientation state 
as shown in FIG. 19B, and when the liquid crystal molecules 
30a are inclined in the clockwise direction, the liquid 
crystal domain is in the counterclockwise spiral orientation 
state as shown in FIG. 19C. The direction of the spiral 
orientation depends upon, for example, the kind of chiral 
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agent added to the liquid crystal material. 

The degree of inclination of the liquid crystal 
molecules 30a on the plane is regulated, as shown in FIGS. 
19B and 19C, by an angle 9 against the 12 o'clock direction 
on the display surface (that is, the upper direction of the 
display surface and also simply referred to as the 12 o'clock 
direction) of a liquid crystal molecule 30a' positioned in 
the 12 o'clock direction on the display surface in regard to 
the center of each of the plural liquid crystal domains. The 
center of the liquid crystal domain typically substantially 
accords with the center of the opening or the solid portion. 

The liquid crystal molecule 30a' disposed in the 
aforementioned position may actually be inclined at an angle 
different from the angle 9 . Herein, the inclination angles 
of liquid crystal molecules 30a' disposed in the 
aforementioned position against the 12 o'clock direction on 
the display surface and the existing probabilities of the 
liquid crystal molecules 30a' are examined, so as to define 
the inclination angle of the liquid crystal molecule 30a' 
with the highest probability as the angle 9 . Typically, the 
inclination angle of a liquid crystal molecule 30a' 
positioned in the vicinity of the center in the thickness 
direction of the liquid crystal layer substantially accords 
with the angle 9 . The angle of a liquid crystal molecule 
30a' against the 12 o'clock direction is, strictly speaking, 
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an angle between the azimuth direction of the orientation 
direction of the liquid crystal molecule 30a' and the 12 
o'clock direction. 

In the liquid crystal display device in which the 
liquid crystal domains are in the spiral orientation state as 
described above, the light transmittance obtained when the 
liquid crystal domains are in the spiral orientation state 
can be improved when a pair of polarizing plates are disposed 
so that the polarization axis of one polarizing plate can be 
inclined in the same direction as the inclination of the 
aforementioned liquid crystal molecule by an angle exceeding 
0 degree but smaller than 2 0 against the 12 o'clock 
direction. Thus, bright display can be obtained. Now, this 
will be described in more detail by using examples. 

First, with reference to FIG. 20, description will be 
given on the change of transmittance obtained by changing the 
inclination angle of the polarization axis against the 12 
o'clock direction by rotating the pair of polarizing plates 
kept in a crossed Nicols state about the liquid crystal panel 
in white display state, namely, in the state where the liquid 
crystal domains are in the spiral radially-inclined 
orientation state under application of a predetermined 
voltage through the liquid crystal layer. FIG. 20 is a graph 
having the ordinate indicating the transmittance in the white 
display state of a liquid crystal display device including a 
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liquid crystal layer (with a thickness of 3.8 ju m) formed 
from a liquid crystal material with a chiral pitch of 16 jam 
and the abscissa indicating the angle of the polarization 
axis against the 12 o'clock direction. In this case, the 
transmittance obtained when the angle of the polarization 
axis against the 12 o'clock direction is 0 degree is assumed 
as 100%. Also, the liquid crystal molecules of the liquid 
crystal layer included in this liquid crystal display device 
are in the clockwise spiral orientation state as shown in FIG. 
19B in the orientation stable time, and the liquid crystal 
molecule positioned in the 12 o'clock direction is inclined 
in the counterclockwise direction by approximately 13 degrees 
against the 12 o'clock direction (namely, 9 == 13°). In 
drawings referred to in the following description, this 
liquid crystal display device (namely, the liquid crystal 
display device in which the liquid crystal molecules are in 
the clockwise spiral orientation state in the orientation 
stable time and the liquid crystal molecule positioned in the 
12 o'clock direction is inclined in the counterclockwise 
direction by approximately 13 degrees against the 12 o'clock 
direction) is shown unless otherwise mentioned. 

As shown in FIG. 20, the transmittance is increased as 
the polarization axis is inclined in the counterclockwise 
direction against the 12 o'clock direction and is the maximum 
when the angle of the polarization axis against the 12 
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o'clock direction is approximately 13 degrees (namely, 0 ). 
When the polarization axis is further inclined, the 
transmittance is lowered, and when the angle of the 
polarization axis against the 12 o'clock direction is 
approximately 26 degrees (namely, 2 0), the transmittance 
becomes equal to that obtained when the angle is 0 degree. 
When the angle exceeds 2 6 degrees, the transmittance becomes 
lower than that obtained when the angle is 0 degree. 

The light transmittance is changed as described above 
because the area of shade regions of the liquid crystal 
domain changes in accordance with the inclination angle of 
the polarization axis against the 12 o'clock direction. The 
shade region corresponds to a region defined by liquid 
crystal molecules oriented vertically or parallel to the 
polarization axis, and the liquid crystal layer in the shade 
region minimally causes a phase difference in incident light . 
Accordingly, the incident light passing through the shade 
region makes little contribution to the transmittance. 
Therefore, the transmittance obtained when the liquid crystal 
domain is in the spiral orientation state depends upon the 
area of the shade region. The transmittance is lower as the 
area of the shade region is larger, and the transmittance is 
higher as the area of the shade region is smaller. 

The change of the shade region in accordance with the 
inclination angle of the polarization axis will now be 
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described with reference to FIGS. 21A, 21B, 22A and 22B. 
FIGS; 21A and 21B are diagrams for schematically showing 
shade regions SR of a liquid crystal domain obtained when the 
polarization axis is parallel to the 12 o'clock direction, 
and FIGS. 22A and 22B are diagrams for schematically showing 
shade regions SR obtained when the polarization axis is 
inclined by approximately 13 degrees against the 12 o'clock 
direction. 

When the polarization axis is parallel to the 12 
o'clock direction as shown in FIG- 21A, the shade regions SR 
are observed in directions shifted in the clockwise direction 
respectively from the 12 o'clock direction, the 3 o'clock 
direction, the 6 o'clock direction and the 9 o'clock 
direction in regard to the center of the liquid crystal 
domain. In contrast, when the polarization axis is inclined 
by approximately 13 degrees against the 12 o'clock direction 
as shown in FIG. 22A, the shade regions SR are observed in 
the 12 o'clock direction, the 3 o'clock direction, the 6 
o'clock direction and the 9 o'clock direction in regard to 
the center of the liquid crystal domain. 

When the area of the shade regions SR obtained when the 
polarization axis is parallel to the 12 o'clock direction as 
shown in FIG. 21B is assumed to be SI and the area of the 
shade regions SR obtained when the polarization axis is 
inclined by approximately 13 degrees (namely, 0) against the 
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-12 o'clock direction is assumed to be S2, the area SI is 
larger than the area S2 (SI > S2). This is because the 
existing probability of liquid crystal molecules oriented 
vertically or parallel to the polarization axis is lower in 
the case where the polarization axis is inclined by 
approximately 13 degrees against the 12 o'clock direction 
than in the case where the polarization axis is parallel to 
the 12 o'clock direction. 

In this manner, assuming that the liquid crystal 
molecule positioned in the 12 o'clock direction in regard to 
the center of the liquid crystal domain is inclined from the 
12 o'clock direction by the angle 9 , the polarizing plates 
are disposed so that the polarization axis of one of the 
polarizing plates can be inclined from the 12 o'clock 
direction by the angle exceeding 0 degree and smaller than 2 
6 in the same direction as the inclination direction of the 
liquid crystal molecule. Thus, the existing probability of 
the liquid crystal molecules oriented vertically or parallel 
to the polarization axis is lower than in the case where the 
polarization axis is parallel to the 12 o'clock direction. 
Accordingly, the light transmittance obtained when the liquid 
crystal domain is in the spiral radially-inclined orientation 
state can be improved by disposing the polarizing plates in 
the aforementioned manner, resulting in realizing bright 
display . 
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Furthermore, when the polarizing plates are. disposed so 
that the polarization axis of one polarizing plate can be 
inclined at substantially the same angle as the angle 9 as 
shown in FIG* 22A, the shade regions SR are positioned in the 
5 12 o'clock direction, the 3 o'clock direction, the 6 o'clock 
direction and the 9 o'clock direction in regard to the center 
of the liquid crystal domain as shown in FIG, 22B. As a 
result, the existing probability of the liquid crystal 

Q molecules oriented vertically or parallel to the polarization 

y3 10 axis can be further lowered. Therefore, when the polarizing 
plates are thus disposed, the light transmittance can be 

]E further increased, resulting in realizing further bright 

g display. 

Q In the above description, the preferable arrangement of 

CO 

□ 15 the polarizing plates is described from the viewpoint of the 
improvement in the transmittance. Furthermore, when the pair 
of polarizing plates are arranged so that the polarization 
axis of one of the polarizing plates can be inclined in the 
same direction as the inclination of the aforementioned 

20 liquid crystal molecule by an angle exceeding 0 degree and 
smaller than 6 against the 12 o'clock direction, not only 
bright display can be realized but also occurrence of a white 
tailing phenomenon (a phenomenon in which a white tailing 
residual image is observed) and a black tailing phenomenon (a 

25 phenomenon in which a black tailing residual image is 
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observed) described below can be suppressed, resulting in 
realizing display with high quality. 

The white tailing phenomenon may occur, for example, in 
the case where an image of a black box moving with a 
5 intermediate gray scale background is displayed in a liquid 
crystal display device. FIG. 23 is a diagram for 
schematically showing the white tailing phenomenon* When an 
image where a black box is moving in the rightward direction 
Q with a intermediate gray scale background as shown in FIG- 23 
S 10 is displayed, a region with higher luminescence than the 
^ intermediate gray scale is formed on the left hand side of 

ill 

% the black box so as to be observed as a white tailing 

Pi residual image. 

m 

•ss-sr 

q The white tailing phenomenon comparatively easily 

O 15 occurs when, for example, the polarization axis is parallel 
to the 12 o'clock direction. In contrast, for example, in 
the liquid crystal display device whose transmittance change 
is shown in FIG. 20, when the polarizing plates are arranged 
so that the polarization axis can be inclined by 
20 approximately 13 degrees against the 12 o'clock direction, 
the white tailing phenomenon can be prevented from occurring 
in displaying the image where the black box is moving in the 
rightward direction with' the intermediate gray scale 
background as shown in FIG. 24. 
25 The reason will be described with reference to FIGS. 
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25A, 25B, 25C, 26A, -26B and 26C. FIGS. 25A, 25B and 25C are 

diagrams for schematically showing shade regions SR in a 
liquid crystal domain obtained when the polarization axis of 
the polarizing plate is parallel to the 12 o'clock direction. 
FIG. 25A shows the polarization axis of the polarizing plate, 
FIG. 25B shows the shade regions SR obtained immediately 
after applying a voltage through the liquid crystal layer, 
and FIG. 25C shows the shade regions SR obtained in the 
orientation stable time (stationary state). FIGS. 26A, 26B 
and 26C are diagrams for schematically showing shade regions 
SR obtained in a liquid crystal domain when the polarization 
axis of the polarizing plate is inclined by approximately 13 
degrees against the 12 o'clock direction. FIG. 26A shows the 
polarization axis of the polarizing plate, FIG. 26B shows the 
shade regions SR obtained immediately after applying a 
voltage through the liquid crystal layer and FIG. 26C shows 
the shade regions SR obtained in the orientation stable time 
(stationary state). 

First, the case where the polarization axis of one of 
the pair of the polarizing plates is parallel to the 12 
o'clock direction as shown in FIG. 25A will be described. 
When the polarizing plates are thus arranged, the shade 
regions SR are observed in the 12 o'clock direction, the 3 
o'clock direction, the 6 o'clock direction and the 9 o'clock 
direction in regard to the center of the liquid crystal 
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domain as shown in FIG. 25B. Also, in the orientation stable 
time, the shade regions are observed in directions shifted in 
the clockwise direction respectively from the 12 o'clock 
direction, the 3 o'clock direction, the 6 o'clock direction 
and the 9 o'clock direction in regard to the center of the 
liquid crystal domain as shown in FIG. 25C. 

When the area of the shade regions SR obtained 
immediately after voltage application shown in FIG. 25B is 
assumed to be SI' and the area of the shade regions SR 
obtained in the orientation stable time shown in FIG. 25C is 
assumed to be SI, the area SI is larger than the area SI', 
and the transmittance is higher immediately after the voltage 
application than in the orientation stable time. Therefore, 
when the image in which the black box is moving in the 
rightward direction with the intermediate gray scale 
background is displayed as shown in FIG. 23, in picture 
element regions where the black box has just passed, namely, 
picture element regions that are being changed from the black 
display state to the intermediate gray scale display state, 
the transmittance is transiently higher than that obtained in 
the intermediate gray scale state (the transmittance obtained 
in the orientation stable time). As a result, this 
transiently high transmittance is observed as a white tailing 
residual image. 

In contrast, when the polarizing plates are disposed so 
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that the polarization axis of one polarizing plate be 
inclined by approximately 13 degrees against the 12 o'clock 
direction as shown in FIG. 26A, the shade regions SR are 
observed in directions shifted in the counterclockwise 
direction respectively from the 12 o'clock direction, the 3 
o'clock direction, the 6 o'clock direction and the 9 o'clock 
direction in regard to the center of the liquid crystal 
domain as shown in FIG, 26B in the simple radially-inclined 
orientation state attained immediately after the voltage 
application. Alternatively, in the orientation stable time, 
the shade regions SR are observed in the 12 o'clock direction, 
the 3 o'clock direction, the 6 o'clock direction and the 9 
o'clock direction in regard to the center of the liquid 
crystal domain as shown in FIG. 26C. 

When the area of the shade regions SR obtained 
immediately after the voltage application shown in FIG. 26B 
is assumed to be S2 ' and the area of the shade regions SR 
obtained in the orientation stable time shown in FIG. 26C is 
assumed to be S2, the area S2 is smaller than the area S2 ' , 
and the transmittance is higher in the orientation stable 
time than immediately after the voltage application. 
Furthermore, when the polarizing plates are thus arranged, 
the transmittance is the highest in the orientation stable 
time. Therefore, when the image where the black box is 
moving in the rightward direction with the intermediate gray 
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scale background is displayed as shown in FIG. 24, in picture 
element regions where the black box has just passed, namely, 
picture element regions that are being changed from the black 
display state to the intermediate gray scale display state, 
the transmittance never becomes transiently higher than the 
transmittance of the intermediate gray scale state (the 
transmittance obtained in the orientation stable time). As a 
result, the occurrence of the white tailing phenomenon can be 
definitely prevented in the liquid crystal display device in 
which the polarizing plates are thus arranged. 

FIG. 27 shows change with time of the transmittance 
obtained by changing a given picture element region from the 
black display state to the intermediate gray scale display 
state when the polarization axis is parallel to the 12 
o'clock direction and when the polarization axis is inclined 
by approximately 13 degrees against the 12 o'clock direction. 
In this graph, the transmittance obtained in the intermediate 
gray scale display state is assumed to be 1.00 and the time 
when a voltage is applied through the liquid crystal layer of 
this picture element region is assumed to be 0 sec. 

In the case where the polarization axis is parallel to 
the 12 o'clock direction, the transmittance largely exceeds 
1.00 immediately after the voltage application and becomes 
predetermined transmittance (the transmittance of the 
intermediate gray scale display state) thereafter as shown 
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with a solid line in FIG. 27. Therefore, when the polarizing 
plates are thus arranged, the white tailing phenomenon may 
occur. 

In contrast, in the case where the polarization axis is 
5 inclined by approximately 13 degrees against the 12 o'clock 
direction, the transmittance never largely exceeds 1.00 
immediately after the voltage application as shown with a 
dashed line in FIG. 27. Therefore, the occurrence of the 
white tailing phenomenon can be definitely prevented when the 

10 polarizing plates are thus arranged. 

In the above description, the case where the 
polarization axis is inclined by approximately 13 degrees 
(namely, the angle 0 ) against the 12 o'clock direction is 
described as an example of the arrangement of the polarizing 

15 plates for preventing the occurrence of the white tailing 
phenomenon. When the polarizing plates are thus arranged, 
the transmittance is the highest in the orientation stable 
time as described above, and hence, the occurrence of the 
white tailing phenomenon can be definitely prevented. 

20 However, the arrangement for preventing the occurrence 

of the white tailing phenomenon is not limited to the 
aforementioned arrangement for attaining the highest 
transmittance in the orientation stable time. Alternatively, 
the occurrence of the white tailing phenomenon can be 

25 suppressed when the polarizing plates are arranged so that a 
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difference between transient highest transmittance and the 
transmittance obtained in the orientation stable time can be 
smaller than that in the case where the polarization axis is 
parallel to the 12 o'clock direction. 

For example, when the polarization axis is inclined in 
the same direction as the inclination direction of the liquid 
crystal molecule by an angle exceeding 0 degree and equal to 
0 or less against the 12 o'clock direction, the occurrence 
of the white tailing phenomenon can be suppressed, resulting 
in realizing display with high quality. Also, when the 
polarization axis is inclined within the aforementioned range, 
not only the occurrence of the white tailing phenomenon can 
be suppressed but also the transmittance obtained in the 
orientation stable time can be increased, resulting in 
realizing bright display. Within the aforementioned range, 
as the inclination angle of the polarization axis is larger, 
the white tailing phenomenon can be further suppressed. When 
the polarization axis is inclined by an angle substantially 
equal to 0/2, the occurrence of the white tailing phenomenon 
can be substantially avoided. 

The arrangement for suppressing the occurrence of the 
white tailing phenomenon is not limited to the aforementioned 
arrangement, and depending upon the arrangement of the 
polarizing plates, the change of the transmittance caused in 
changing a picture element region from the black display 
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stace to the intermediate gray scale display .ft. - too 
slow to cause a black tailing phenomenon. 

T he Mac* fill., Phenomenon occurs, similarly to the 
„ hi te tailing phenomenon, - example, in displaying an image 
uhere a blac* box is moving with the interpolate gray scale 

diagram *» schematically showing the blac* -ling 

• w-rr 28 when the image where the 

phenomenon. As shown in 28 ' Wh 

■«« in the rightward direction with the 

black box is moving in tne r g 

„. , e aray scale background is displayed, a region 
0 intermediate gray scaie 

^ than the black display state but 
with higher luminescence than the 

low er luminescence than the intermediate gray scale display 

to be observed as a blacK tailing residual image. 

Ih e blac* tailing phenomenon comparatively easily 
occurs when the polarization axis of the polarizing plate rs 
in clined at an angle exceeding * against the U o'clocK 
direction. lor example, when the polarization axis „ 
in clined by approximately *, degrees against the 1, Ccloc* 
20 direction, the change o f the transmittance from the blac* 
display state to the intermediate gray scale display state rs 
too slow as schematically shown with a two-dot chain line in 

in displaying the image where the black 
FIG 27. Therefore, xn displaying 

b ox' is moving as described above, picture element regions 



97 




intermediate gray scale display state, which may result in 
the black tailing phenomenon. 

For example, when the polarization axis is inclined in 
the same direction as the inclination direction of the liquid 
5 crystal molecule by an angle exceeding 0 degree and smaller 
than Q against the 12 -o'clock direction, the occurrence of 
the black tailing phenomenon can be suppressed, resulting in 
realizing display with high quality. Also, when the 
q polarization axis is inclined within the aforementioned range, 
y310 not only the occurrence of the black tailing phenomenon is 
W suppressed but also the transmittance obtained in the 
^ orientation stable time can be increased, resulting in 
q realizing bright display. When the inclination angle of the 
R polarization axis is the angle exceeding 0 degree and equal 
Q15 to 6 or less against the 12 o'clock direction and in the 
same direction as the inclination direction of the liquid 
crystal molecule, the black tailing phenomenon can be further 
suppressed as the inclination angle of the polarization axis 
is smaller. When the polarization axis is inclined by an 
20 angle substantially the same as Q 12, the occurrence of the 
black tailing phenomenon can be substantially avoided. 

The occurrence of the white tailing phenomenon and the 
black tailing phenomenon can be suppressed by optimizing the 
arrangement of the polarizing plates as described above. 
25 From the viewpoint of suppressing the occurrence of the 
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tailing phenomenon and improvement of the transmittance, the 
pair of polarizing plates are preferably arranged so that the 
polarization axis of one polarizing plate can be inclined in 
the same direction as the inclination direction of the liquid 
crystal molecule by the angle exceeding 0 degree and equal to 
0 or less. When the polarizing plates are thus arranged, 
bright display can be realized and the occurrence of the 
tailing phenomenon (including the white tailing phenomenon 
and the black tailing phenomenon) can be suppressed, 
resulting in realizing display with high quality. 
Furthermore, when the polarizing plates are arranged so that 
the polarization axis of one polarizing plate is inclined by 
an angle substantially the same as 0/2, the occurrence of 
the white tailing phenomenon and the black tailing phenomenon 
can be substantially avoided, resulting in realizing display 
with higher quality. 

The spiral orientation of the liquid crystal domain can 
be obtained by using a liquid crystal material including a 
chiral agent as described above. At this point, there are 
cases where the orientation of the liquid crystal molecules 
is spirally changed along the thickness direction of the 
liquid crystal layer in accordance with the amount of chiral 
agent to be added and where such spiral orientation change is 
minimally caused. In either case, the display quality can be 
improved by optimizing the arrangement of the polarizing 
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plates as described above. 

(Width and number of branch portions) 

As described above, the picture element electrode 14 of 
the liquid crystal display device 100 or 200 of this 
invention includes a plurality of openings 14a and a solid 
portion 14b. A unit solid portion 14b' disposed within a 
unit lattice formed by the openings 14a is typically 
electrically connected to an adjacent unit solid portion 14b'. 
Portions for electrically connecting the adjacent unit solid 
portions 14b' , for example , branch portions extending toward 
four directions from the circular portion as shown in FIG. 1A 
naturally receive the same potential as another portion of 
the unit solid portion, and hence, these branch portions also 
affect the orientation-regulating effect obtained by the 
inclined electric field. 

As shown in FIG. 29, the solid portion 14b typically 
includes a plurality of island portions 14c and a plurality 
of branch portions 14d for electrically connecting adjacent 
pairs of the island portions 14c. Herein, the island portion 
14c corresponds to a portion of the conducting film 
positioned within a unit lattice excluding the branch 
portions 14d. 

Liquid crystal molecules of a region of the liquid 
crystal layer 30 positioned on the island portion 14c are 
controlled in their orientation by the inclined electric 
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field generated on a boundary between the island portion 14c 
and the opening 14a (namely, the edge portion of the opening 
14a) . In order to realize a stable orientation state and a 
good response characteristic, the inclined electric field for 
controlling the orientation of the liquid crystal molecules 
30a should be made to work on a large number of liquid 
crystal molecules 30a, and for this purpose, the boundaries 
between the island portions 14c and the openings 14a are 
preferably formed in a large number. 

When the branch portions 14d are present between the 
island portions 14c as shown in FIG. 29, the number of 
boundaries between the island portions 14c and the openings 
14a is reduced owing to the branch portions 14d, and hence, 
the number of edge portions where the inclined electric 
fields for controlling the orientation of the liquid crystal 
molecules 30a disposed on the island portions 14c is reduced. 
In other words, the branch portion 14d present between the 
island portions 14c degrades the orientation-regulating 
effect derived from the inclined electric field. Accordingly, 
as the width of each branch portion 14d is smaller or as the 
number of branch portions 14d is smaller, the degradation of 
the orientation-regulating effect can be further suppressed 
so as to improve the response characteristic. 

Also, since the inclined electric field is generated on 
the boundary between the branch portion 14d and the opening 
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14a, the liquid crystal molecules 30a positioned on the 
branch portion 14d are controlled in their orientation. The 
orientation of the liquid crystal molecules 30a positioned on 
the branch portion 14d also affects the orientation state of 
5 liquid crystal molecules 30a positioned on the island portion 
14c, resulting in affecting the response characteristic* 
This will now be described in more detail. 

First, with reference to FIGS. 30 and 31, the 
™ orientation state of a region of the liquid crystal layer 30 

3*0 positioned on the island portion 14c will be described. FIG. 

rU 

Ly 30 is a schematic top view of the orientation state of the 
-P liquid crystal molecules 30a under voltage application, and 
!L FIG. 31 is a cross-sectional view thereof taken along line 
S 31A-31A' or 31B-31B' of FIG. 30. In a liquid crystal display 

-q 15 device shown in these drawings, the island portion 14c is 
formed in a barrel shape (a square with arc-shaped corners), 
a liquid crystal material including a chiral agent is used, 
and the liquid crystal layer 30 is in a spiral radially- 
inclined orientation state. Also in this liquid crystal 
20 display device, a bowl-shaped protrusion (a protrusion having 
one spherical face) 24 for fixing the center of the radially- 
inclined orientation in the vicinity of the center of the 
unit solid portion 14b' and improving the orientation 
stability is formed on the counter electrode 22 provided on 
25 the counter substrate 100b as shown in FIG. 31, but the 
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following description does not differ even when such a 
protrusion 24 is not provided. 

As shown in FIG. 30 , when a voltage is applied through 
the liquid crystal layer 30, the orientation directions of 
5 the liquid crystal molecules 30a are regulated by the 
inclined electric fields respectively generated on the 
boundaries between the openings 14a and the island portions 
14c (the edge portions of the openings 14a) , so that the 
region of the liquid crystal layer 30 positioned on each 

10 island portion 14c is placed in the spiral radially-inclined 
orientation state. 

In a cross-section taken along a direction where no 
branch portion 14d exists as in the cross-section taken along 
line 31A-31A' or 31B-31B' of FIG. 30, orientation-regulating 

15 force for inclining all the liquid crystal molecules 30a from 
the edge portions of the opening 14a toward the center of the 
island portion 14c works as shown in FIG. 31. In the case 
where the island portion 14c is formed in a circular shape, 
the strength of the orientation-regulating force is the same 

20 in any cross-sections taken along directions where no branch 
portion 14d exists. However, in the case where the island 
portion 14c is in the barrel shape as shown in FIG. 30, the 
strength of the orientation-regulating force depends upon the 
distance between the center of the island portion 14c and the 

25 edge portion. 
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In this manner, the region of the liquid crystal layer 
30 positioned on the island portion 14c is stably placed in 
the spiral radially-inclined orientation state having its 
orientation center in the vicinity of the center of the 
5 island portion 14c under the voltage application. This state 
is herein designated as a first stable state for simplifying 
the following description. 

Next, with reference to FIGS, 32 and 33, the 
orientation state of a region of the liquid crystal layer 30 

10 positioned on the opening 14a will be described, FIG. 32 is 
a schematic top view of the orientation state of the liquid 
crystal molecules 30a under voltage application, and FIG. 33 
is a cross-sectional view thereof taken along line 33A-33A' 
or 33B-33B' of FIG. 32. 

15 In a cross-section along a direction where no branch 

portion 14d exists as in the cross-section taken along line 
33A-33A' or 33B-33B' of FIG. 32, orientation-regulating force 
for inclining all the liquid crystal molecules 30a from the 
edge portions of the opening 14a toward the center of the 

20 opening 14a works as shown in FIG- 33. However, the liquid 
crystal molecules 30a of the region of the liquid crystal 
layer 30 positioned on the opening 14a are not directly 
affected by the electric fields generated by the electrodes, 
and hence, they are inclined at an angle smaller than the 

25 inclination angle of the liquid crystal molecules 30a 
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positioned on the island portion 14c. 

In this manner, the region of the liquid crystal layer 
30 positioned on the opening 14a are stably placed in the 
radially-inclined orientation state having its orientation 
5 center in the vicinity of the opening 14a under the voltage 
application. 

Subsequently, with reference to FIGS. 34, 35A and 35B, 
the orientation state of a region of the liquid crystal layer 
g 30 positioned on the branch portion 14d will be described. 
ynlO FIG. 34 is a schematic top view of the orientation state of 
UJ the liquid crystal molecules 30a under voltage application, 
% FIG. 35A is a cross-sectional view thereof taken along line 
I* 35A-35A' of FIG. 34, and FIG. 35B is a cross-sectional view 
S thereof taken along line 35B-35B' of FIG. 34. 

pl5 In a cross-section taken along a direction crossing the 

boundary between the branch portion 14d and the opening 14a 
as in the cross-section taken along line 35A-35A' of FIG. 34, 
the orientation directions of the liquid crystal molecules 
30a are regulated by the inclined electric field generated on 

20 the boundary between the branch portion 14d and the opening 
14a as shown in FIG. 35A. On the other hand, in a cross- 
section taken along a direction crossing the branch portion 
14d and the island portion 14c as in the cross-section taken 
along line 35B-35B' of FIG. 34, the liquid crystal molecules 

25 30a are inclined so as to match with the orientation state of 
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the region of the liquid crystal layer 30 positioned on the 
adjacent island portion 14c as shown in FIG. 35B. 

Accordingly, the liquid crystal molecules 30a of the 
region of the liquid crystal layer 30 positioned on the 
5 branch portion 14d are oriented, as shown in FIG. 36, so as 
to match with the orientation of the liquid crystal molecules 
30a positioned on the adjacent island portion 14c and the 
orientation of the liquid crystal molecules 30a positioned on 

^ the opening 14a (correspondingly to the aforementioned first 

=dy 

jglO stable state). In FIG. 36, liquid crystal molecules 30a 

Ly having orientation axes along the vertical direction on the 

W 

=P display surface (the 12 o'clock direction and the 6 o'clock 
L_ direction) and the horizontal direction on the display 
!£= surface (the 3 o'clock direction and the 9 o'clock direction) 
Sl5 are shown. 

The orientation-regulating force obtained in the 
section taken along line 35B-35B' (that is, very weak 
orientation-regulating force working for keeping continuity 
in the orientations of surrounding liquid crystal molecules) 
20 is much weaker than the orientation-regulating force of the 
inclined electric field generated at the edge portion of the 
opening 14a. Furthermore, the inclination direction of the 
liquid crystal molecule 30a obtained by the aforementioned 
orientation-regulating force is reverse (namely, the liquid 
25 crystal molecules 30a are oriented in the shape of a cone 
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opening downward (toward the substrate 100a)) to the 
inclination direction of the liquid crystal molecules 30a 
obtained by the inclined electric field generated on the 
boundary between the branch portion 14d and the opening 14a 
5 (namely/ the liquid crystal molecules 30a are oriented in the 
shape of a cone opening upward (toward the substrate 100b)). 
Therefore, balance of the orientation-regulating forces 
working on the liquid crystal molecules 30a positioned on the 
« branch portion 14d can be easily lost. 

J10 Accordingly, the liquid crystal molecules 30a 

ru 

hj vertically oriented (namely, the liquid crystal molecules 30a 

: : 3 

42 positioned at the orientation center) in the cross-section 
. along the direction crossing the boundary between the branch 

Em 

2 portion 14d and the opening 14a (corresponding to the cross- 
zzl5 section taken along line 35A-35A' of FIG. 34) tend to move 
^ toward the boundary between the branch portion 14d and the 
opening 14a as shown in FIGS. 37A and 37B. 

Owing to the influence of such a shift of the 
orientation of the liquid crystal molecules 30a positioned on 
20 the branch portion 14d (namely, the positional shift of the 
vertically oriented liquid crystal molecules 30a), the spiral 
orientation of the region of the liquid crystal layer 30 
positioned on the island portion 14c is changed from the 
first stable state shown in FIG. 36 to a second stable state 
25 shown in FIG. 38. This affects the response characteristic 
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of the liquid crystal display device, so that it _ can take 
comparatively long time to stabilize the orientation to 
attain the stationary state. 

The orientation state of the liquid crystal molecules 
30a positioned on the branch portion 14d that affects the 
response characteristic as described above largely depends 
upon the presence (number) and the width of the branch 
portions 14d. When each branch portion 14d has a 
comparatively large width as shown in FIG. 39B, the balance 
of the orientation-regulating forces working on the liquid 
crystal molecules positioned on the branch portion 14d can be 
easily lost, so as to largely affect the orientation stable 
state of the liquid crystal molecules 30a positioned on the 
island portion 14c. In contrast, when each branch portion 
14d has a comparatively small width as shown in FIG. 39A, the 
orientation-regulating forces are well balanced on the liquid 
crystal molecules 30a positioned on the branch portion 14d, 
so that the orientation state of the liquid crystal molecules 
30a positioned on the island portion 14c can also be 
stabilized comparatively early, resulting in improving the 
response characteristic of the liquid crystal display device. 

The influence of the width of the branch portion 14d on 
the response characteristic will be more specifically 
described with reference to FIG. 40. FIG. 40 is a graph for 
schematically showing change with time of transmittance 
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attained by applying a voltage through the liquid crystal 
layer 30 when the branch portion 14d has a comparatively 
small width (of, for example, 5.5 jum) and when the branch 
portion 14d has a comparatively large width (of, for example, 
7.5 ju m) . In this case, a pair of polarizing plates are 
provided so as to have their polarization axes respectively 
in parallel to the 12 o'clock direction and the 3 o'clock 
direction. 

As described with reference to FIG. 27, in the case 
where the polarization axis of the polarizing plate is in 
parallel to the 12 o'clock direction, the transmittance once 
becomes the maximum (maximum transmittance Ip of FIG. 40) 
immediately after the voltage application and becomes 
substantially constant thereafter. The liquid crystal layer 
30 is once placed in the simple radially-inclined orientation 
state immediately after the voltage application and is 
changed to the spiral radially-inclined orientation state, 
and at this point, the orientation passes through the first 
stable state shown in FIG. 36 and then attains the second 
stable state shown in FIG. 38. 

As shown in FIG. 40, time Ta necessary for attaining 
the second stable state when the branch portion 14d has a 
comparatively small width is shorter than time Tb necessary 
for attaining the second stable state when the branch portion 
14d has a comparatively large width (Ta < Tb) . Thus, as the 
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branch portion 14d has a smaller width, a better response 
characteristic can be attained (the response speed is faster). 

Also, transmittance la attained in the second stable 
state when the branch portion 14d has a comparatively small 
width is higher than transmittance lb attained in the second 
stable state when the branch portion 14d has a comparatively- 
large width (la > lb). 

The reason will be described with reference to FIGS. 
41A and 41B. FIGS. 41A and 41B are diagrams for 

schematically showing liquid crystal molecules 30a oriented 
in a direction parallel to the polarization axes in the 
second stable state, and specifically, FIG. 41A shows the 
orientation obtained when the branch portion 14d has a 
comparatively small width and FIG. 41B shows the orientation 
obtained when the branch portion 14d has a comparative large 
width. In FIGS. 41A and 41B, arrows denote the directions of 
the polarization axes of the pair of polarizing plates, and 
in this case, the polarization axes of the polarizing plates 
are respectively in parallel to the 12 o'clock direction and 
the 3 o'clock direction. 

In the case where the polarizing plates are thus 
arranged, a region where the liquid crystal molecules 30a 
oriented in the direction parallel to the polarization axes 
of the polarizing plates exit corresponds to a shade region 
for transmitting substantially no light. 
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In the case where the branch portion 14d has a 
comparatively small width, the liquid crystal molecules 30a 
oriented in the directions parallel to the polarization axes 
are present substantially along the 12 o'clock direction, the 
3 o'clock direction, the 6 o'clock direction and the 9 
o'clock direction as shown in FIG, 41A. Therefore, the shade 
regions are observed substantially along the polarization 
axes. In contrast, in the case where the branch portion 14d 
has a comparatively large width, the liquid crystal molecules 
30a oriented in the directions parallel to the polarization 
axes are present also in positions shifted from the 12 
o'clock direction, the 3 o'clock direction, the 6 o'clock 
direction and the 9 o'clock direction as shown in FIG, 41B. 
Therefore, the positions where the shade regions are observed 
are different from those shown in FIG. 41A. 

The area of the shade regions is the minimum when they 
are observed along the polarization axes. Therefore, the 
area of the shade regions is smaller in the case where the 
branch portion 14d has a comparatively small width as shown 
in FIG. 41A than in the case where the branch portion 14d has 
a comparatively large width as shown in FIG. 41B. 
Accordingly, the transmittance attained in the second stable 
state is higher in the case where the branch portion 14d has 
a comparatively small width. 

As described above, the transmittance la attained in 
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the second sta£>le state when the branch portion 14d has a 
comparatively small width is higher than the transmittance lb 
attained in the second stable state when the branch portion 
14d has a comparatively large width. Therefore , change Ala 
5 of the transmittance between immediately after the voltage 
application and the second stable state obtained when the 
branch portion 14d has a comparatively small width is smaller 
than change Alb of the transmittance between immediately 
q after the voltage application and the second stable state 
jglO obtained when the branch portion 14d has a comparatively 
Ly large width (Ala < Alb). Accordingly, the white tailing 
=F phenomenon as shown in FIG. 23 is less observed when the 
;L branch portion 14d has a comparatively small width than when 
S2 the branch portion 14d has a comparatively large width, and 
Sl5 hence, a good response characteristic can be attained. 

As described above, as each branch portion 14d has a 
smaller width, the response characteristic is further 
improved. Also by comparatively reducing the number of 
branch portions 14d, the response characteristic can be 
20 improved. 

In the picture element electrode 14 of the liquid 
crystal display device of this invention, all the adjacent 
pairs of island portions 14c may be mutually connected by the 
branch portions 14d as shown in FIG. 42. However, the 
25 response characteristic can be improved by appropriately 
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omitting the branch portions 14d. The picture element 
electrode 14 is connected to a switching element, for example, 
through a contact hole 19 formed in a shade region 18 of FIG. 
42, and the respective island portions 14c are mutually 
electrically connected through the branch portions 14d so as 
to function as substantially one conducting film. The shade 
region 18 corresponds to, for example, a region on a storage 
capacitance line on the TFT substrate and is a region which 
light from a backlight does not pass through and makes no 
contribution to the display. 

Specifically, when the number of branch portions 14d 
provided to each island portion 14c is, for example, two or 
less as shown in FIGS. 43 and 44, a good response 
characteristic can be attained. 

A branch portion 14d positioned in a region making no 
contribution to the display such as the shade region 18 
minimally affects the response characteristic. Therefore, as 
shown in FIG. 45, the number of branch portions 14d provided 
to each island portion 14c in a region making contribution to 
the display may be two or less 

Needless to say, the structure of the solid portion 14b 
is not limited to those described above. When the branch 
portions 14d are partly omitted as compared with the 
structure of FIG. 42 and the island portions 14c have 
redundancy as shown in FIG. 46, a liquid crystal display 
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device having a good response characteristic that can be 
fabricated at a high ratio of acceptable products can be 
obtained. 

When the number of branch portions 14d is reduced as 
compared with the case where all the adjacent pairs of island 
portions 14c are connected through the branch portions 14d as 
shown in FIG. 42, the response characteristic can be improved. 
The number of branch portions 14d, namely, how many branch 
portions 14d are omitted, can be determined in accordance 
with a desired response characteristic. 

For example, in the case where the plural island 
portions 14c are arranged in the form of an m x n matrix 
(wherein m and n are natural numbers of 2 or more) , if all 
the adjacent island portions 14c are connected through the 
branch portions 14d, the number of branch portions 14d is 
(2mn - m - n). Accordingly, in the case where the island 
portions 14c are arranged in the form of the m x n matrix, 
the response characteristic can be improved when the number 
of branch portions is smaller than (2mn - m - n). 

When the width and the number of branch portions 14d 
are optimized as described above, a good response 
characteristic can be attained. 

The application of the invention is not limited to the 
exemplified liquid crystal display devices. When one of a 
pair of electrodes for applying a voltage through a liquid 
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crystal layer in a picture element region is formed to- have a 
plurality of openings disposed at least at the corners of the 
picture element region and a solid portion, a liquid crystal 
display device with a wide viewing angle characteristic can 
5 be realized. When the electrode is formed in the 
aforementioned manner, inclined electric fields are generated 
at the edge portions of the openings of the electrode when a 
voltage is applied. Accordingly, owing to the inclined 
^ electric fields generated at the edge portions of the plural 
/JSlO openings disposed at least at the corners, liquid crystal 
ty domains that are in the radially-inclined orientation state 
jp are formed in the liquid crystal layer under voltage 
l_ application, resulting in obtaining a wide viewing angle 
2 characteristic. 

2l15 A unit solid portion (a region of the solid portion 

substantially surrounded with the openings) present in a 
given picture element region may be plural in number or a 
single unit solid portion surrounded with the openings 
disposed at the corners. In the case where the unit solid 

20 portion present in a given picture element region is single, 
the openings surrounding the unit solid portion may be a 
plurality of openings disposed at the corners or a 
substantially single opening continuously formed from a 
plurality of openings disposed at the corners. 

25 When the region of the solid portion substantially 
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surrounded with the openings (unit solid portion) is 
rotationally symmetrical , the stability of the radially- 
inclined orientation of the liquid crystal domain formed in 
the solid portion can be improved. For example, the unit 
solid portion may be in the shape of a substantially circle, 
a substantially square or a substantially rectangle- 

When the unit solid portion is in a substantially 
circular shape, the radially-inclined orientation of the 
liquid crystal domain formed in the solid portion of the 
electrode can be stabilized- Since a liquid crystal domain 
formed in the solid portion made from a continuous conducting 
film is formed correspondingly to the unit solid portion, the 
shape and the arrangement of the openings are determined so 
that the unit solid portion can be in the substantially 
circular shape. Also, when the unit solid portion is in a 
substantially rectangular shape with substantially arc-shaped 
corners, the orientation stability and the transmittance 
(effective aperture ratio) can be comparatively increased. 

According to the present invention, the liquid crystal 
domains having the radially-inclined orientation formed 
correspondingly to the openings formed in the picture element 
electrode can also make contribution to the display, and 
hence, the display quality of a conventional liquid crystal 
display device with a wide viewing angle characteristic can 
be further improved. 
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Moreover, when a protrusion is formed within the 
opening of the picture element electrode, the stability of 
the radially-inclined orientation is improved. Accordingly, 
it is possible to provide a liquid crystal display device 
with high reliability in which even when the radially- 
inclined orientation is destroyed by an external force, the 
radially-inclined orientation can be easily restored. 
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